The development of a self-adaptive search technique to optimize machining conditions based on the center of gravity approach. by Gunda, Ashok M.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1-1-1975
The development of a self-adaptive search
technique to optimize machining conditions based
on the center of gravity approach.
Ashok M. Gunda
Follow this and additional works at: http://preserve.lehigh.edu/etd
Part of the Industrial Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Gunda, Ashok M., "The development of a self-adaptive search technique to optimize machining conditions based on the center of
gravity approach." (1975). Theses and Dissertations. Paper 1791.
THE DEVELOPMENT OF A SELF-ADAPTIVE SEARCH TECHNIQUE 
TO OPTIMIZE MACHINING CONDITIONS BASED ON THE CENTER 
OF GRAVITY APPROACH 
by 
Ashok M. Gunda 
A Thesis Presented to the Graduate Faculty of 
Lehigh University 
in Candidacy for the Degree of 
Master of Science 
in 
Industrial Engineering 
Lehigh University 
1975 
ProQuest Number: EP76063 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 
uest 
ProQuest EP76063 
Published by ProQuest LLC (2015). Copyright of the Dissertation is held by the Author. 
All rights reserved. 
This work is protected against unauthorized copying under Title 17, United States Code 
Microform Edition © ProQuest LLC. 
ProQuest LLC. 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
CERTIFICATE OF APPROVAL 
This thesis is accepted and approved in partial 
fulfillment of the requirement for the degree of 
Master of Science. 
Date 
Dr. Mikell P. Groover 
Professor in Charge 
Mr. George E. Kane 
Head of Department 
(ii) 
Acknowledgement 
My grateful thanks are due to Professor Mikell P. 
Groover but for whom this thesis would not have come to 
fruition. His invaluable guidance, unfailing cooperation 
and encouraging attitude have gone a long way in the 
successful completion of the project. 
Thanks are also due to Mr. Gilbert Zambelli of the 
Manufacturing Process Laboratory whose technical assist- 
ance was well timed and extremely useful throughout the 
machining phase of the project. 
I also wish to express my gratitude to the National 
Science Foundation for sponsoring this project. 
Finally, I wish to present my sincere thanks to 
Ms. Jane Kerschner and Mr. Lance Mayer for proof reading 
this thesis. 
( iii ) 
TABLE OF CONTENTS 
Chapter Title Page 
1 Introduction 1 
2 The Center of Gravity(C.G.) 
Search Technique 19 
3 The C.G. Search Technique 
Applied to a Hypothetical 
Machining Case 4-3 
k The Comparison of the C.G. 
Method Vs. the Gradient 
Search Method 63 
5       The Machine Shop 
Validation of the Gradient 
Search Method and the Center 
of Gravity Search Method    83 
6 Conclusions 119 
7 Scope for Further Studies I22 
Appendix A l2^ 
Appendix B 135 
Appendix C 139 
Bibliography 142 
Vita 144 
(iv) 
THE DEVELOPMENT OF A SELF-ADAPTIVE SEARCH TECHNIQUE TO 
OPTIMIZE MACHINING CONDITIONS BASED ON THE CENTER OF 
GRAVITY APPROACH 
ABSTRACT 
The cutting conditions recommended in the various 
machinability handbooks, though tend to be conservative, 
are a good starting point.  In the majority of situations 
a more economic set of conditions is possible. The 
objective of this research was to develop a self adaptive 
procedure for the economic improvement. In this newly 
developed search technique, the center of gravity of the 
test point pattern is used to establish-the direction of 
the move with respect to the geometric center. The center 
of gravity is a weighted average of the test points, in 
which the weighting factors are the values of the index of 
performance at each test point. The geometric center is the 
unweighted average of the test points. 
This technique was successfully tested on the simple 
mathematical optimization problems, hypothetical machining 
process model and finally on the actual job-shop turning 
and milling operations. 
This search procedure was found to have the 
inherent flexibility to absorb the variations in the 
machine shop environment. 
(v) 
CHAPTER     1 
INTRODUCTION 
CHAPTER 1 
INTRODUCTION 
The machining conditions in a metal cutting 
operation have traditionally been determined through the 
use of recommendations found in the machinablity hand- 
books together with the process planner's judgment and 
experience.Tbe resulting conditions usually tend to be 
conservative and not representative of conditions which 
are economically optimum. One of the main reasons for 
being conservative is the inherent variability found in 
the machining process. 
It has "been the authors observation that under iden- 
tical machining conditions, for example, in a turning 
operation in -which identical speed, feed, depth of cut, 
work material and cutting tool are used; the tool life 
varied by one to ten minutes. Various sources of this 
error in the tool life were » 
l)Change In the hardness of the work material; 
2)Measurment errors in the time and the flank wear; 
3)Varidyne tachometer error; 
*0Variation in the tool material composition and 
hardness. 
Due to this variability in the machining processes, 
the machinability handbooks tend to be conservative, 
assuming the worst conditions.This may be perhaps a 
reasonable approach, but certainly not an economical one. 
These handbooks suggest the machining conditions based on 
the broad tool material classifications such as High Car- 
bon Tool Steel, HSS, Carbides, etc. In addition, handbooks 
suggest different HSS or Carbide grades depending upon the 
type of cut»such as roughing, and the type of operation* 
such as milling. It has been shown by manufacturing 
researchers (1) ^that the carbide grading system is too 
vague and the process designer has to use his own 
judgment and experience to select a particular grade. Thus, 
under the same machining conditions two different tools of 
different chemical composition but of the same assigned 
grade behave in a very different manner. In the last few 
years    carbide tools of complex composition and superior 
performance have constantly been introduced and the current 
carbide grading system is inefficient in sorting them 
according to their performance.Under this situation the 
machinability handbooks which prescribe the machining 
conditions under one broad tool material classification 
such as carbides, cannot give optimum machining 
conditions for a particular tool. 
A difficulty in deciding the optimum machining 
conditions, using the machinability handbooks has been 
* The numbers in the brackets indicate the references used. 
(2) 
faced by the author many times. 
For machining AISI 43^0 at 1.905 mm 
(0.075 •■)depth of cut and the hardness of Re 31.5 to 3^.5, 
three different handbooks suggested three different 
machining conditions. 
l)Machining Data Handbook by Machinabi- 
lity Data Center suggested 
Depth of cut Speed 
in SMPM (SFPM) 
Feed Tool Grade 
in mm (in.) in mm(in.) 
per rev. 
3.81 (.150) 1 100,6(330) .318 (.015) C 6 
.635 (.025) 121.9(^00) .178 (.007) C 7 
Interpolating for 1.905 mm (.075 ") 
depth of cut,the optimum according to this was decided as 
V =109.12 SMPM (358 SFPM ) 
f= .3048 mm (.012 ")/rev. 
2) Metals Handbook tVol.3 -Machining 
by ASM suggested, 
3.81 (.150)   11^.3(375)     .318 (.015)    C 6 
.635 (.025)   143.3(^70)     .178 (.007)    C 7 , 
Interpolating for 1.905 mra(.07i> M) 
depth of cut,the optimum according to this was decided as 1 
(3) 
V = 13^.4 SMPM(*l4l SFPM)  f = .30^8 mm(.012 in. )/rev. 
3) Carbolov Handbook (Application Data) 
by the General Electric Co. suggested 
Depth of Cut    Speed       Feed Tool 
in mm (in.)  in SMPM(SFPM)  in mm(in)/rev 
2 to k ij.5.72 to 91.^ .25^ to .508  Carboloy 350 
(.078 to .156) (150 to 300) (.010 to .020) 
According to this, the optimum was 
V = ^5«72 SMPM (150 SFPM) 
f = .25^ mm (.01 in.)/rev. 
Thus, the variation in the suggested optimum was 
ij-5.72 SMPM to 13^.^ SMPM (150 SFPM to kkl  SFPM) and the 
optimum feed was .25^ mm/rev. to .305 mm/rev. (.01 in. 
to .012 in. per rev.).The range of variation was wide. 
The machinability handbooks are written by experienced 
process designers. These variations in the recommended 
optimum machining conditions will certainly confuse 
ordinary semiskilled machinsts and inexperienced process 
designers. 
Similar difficulty was observed when it was decided 
to machine (milling) AISI *H*J-0 of 300 BHN hardness at 
1.905 mm (.075 in.) depth of cut. 
W 
1) Machining Data Handbook suggested the optimum 
machining conditions as 
Depth of Cut        Cutter Speed        Feed 
in mm (in) in SMPM(SFPM)       in mm (in)/ 
tooth 
3.81 (.15) 96.012(315)      .254 (.010) 
.635 (.025)        124.97 (MO)       .152 (.006) 
Interpolating for the depth of cut of 1.905 mm 
the optimum conditions werei 
V = 109.73 SMPM (360,SFPM)   f = .2286 mm (.009 in)/ 
tooth 
2) Metals Handbook suggested 
3.81 (.15) 100.6 (330)       .254 (.010) 
.635   (.025) 13^.1 (440)       .2032(.008) 
Interpolating for the depth of cut of 1.905 mm 
(.075 in) the optimum conditions were 1 
V = 115.83 SMPM (380 SFPM)  f = .2286 mm (.009 in)/tooth 
3) The chart on the Cincinnati vertical milling 
machine suggested 
V = 99.06 SMPM (325 SFPM)  f = .1067 mm (.0042 in)/tooth 
In short, it can be seen that even after using 
the machinability handbooks for deciding the optimum 
(5) 
machining conditions, the final decision has to be made 
by the machinst or the process designer depending upon 
his experience and judgment. Obviously, the result tend to 
be conservative. 
Thus, it would be of great help if a procedure were 
available to systematically seek out these improved 
machining conditions. It would mean  large savings interms 
of machining cost could be obtained, if the optimum 
conditions were reached using some optimum seeking 
procedure. The objective of the current research is to 
provide this procedure. A second reason for the develop- 
ment of this procedure is that it would be an important 
means of increasing productivity. In the recent years 
the competition in the industrial market has increased 
tremendously and every approach is being tried to increase 
productivity and to control costs. 
It will be shown in the later chapters that 
significant savings in machining cost can be achieved 
using the self adaptive optimization or any optimum 
seeking procedure. 
There are various optimum seeking procedures. Some 
of which are described below . 
Adaptive Control 
A great deal of work has been done on this topic. 
In the adaptive control search techinque there 
(6) 
exists a control system in which one or more process 
variables are measured during the operation and some 
input variable (such as speed or feed in turning) is 
adjusted to compensate for changes in the measured pro- 
cess variables (2,3). Typical process variables in the 
metal cutting operation are tool tip temperature, forces 
torque etc. can be measured on line using thermocouples, 
dynamometers, strain gauges etc. Based on these measured 
process variables, the input variables are constantly 
adjusted for the improvement in the index of performance, 
e.g., an economic improvement or an improvement in 
surface finish. 
As described earlier, the machining process has 
many random variations. Thus, in many situations the 
functional relations between the input and process 
variables and the index of performance vary with time 
in an unpredictable way. This make a search strategy 
essential to determine the shifting optimum index. 
In order to accurately determine the economic 
cutting conditions based on the index of performance the 
process variables such as tool wear rate and tool life 
should be measured accurately and instantaneously. 
The instrumentation to accomplish this is 
(7) 
not yet available.There are methods available to predict 
these quantities based on the force and the temperature 
measurements.They are bulky and have limited accuracy. 
Some measurment and calibration errors are also possible. 
An adaptive control is an expensive 
device and all these factors contribute to its dis- 
advantages. 
(8) 
Performance Index Method and Production Optimization 
Method 
Both of these methods are off-line search 
techniques and make extensive use of a computer.These tech- 
niques were developed by Prof.Inyong Ham (*0 and others 
at the Pennsylvania State University. 
The Performance Index Method(PIM) is a 
computer based optimization technique.lt requires test 
data such as machining time,number of pieces produced per 
unit time and the number of tool changes during an assumed 
time interval.PIM measures the response of the process 
variable on the performance index and guides to the 
optimum.The typical indices are cost perpiece,production 
rate,profit rate or any combination of these. 
PIM tries to define a response surface 
by three coordinates.Two of them are speed and feed and 
the third axis is a performance index (which should be 
optimized) .Initial test points are required and are cho- 
sen with the help of a machinability data handbook. 
Maximum speed,feed and horsepower constraint is also taken 
into consideration.The computations necessary to find 
the optimum value of the performance index are complex 
and tedious,but can easily performed by the high speed 
digital computer. 
(9) 
Stopping Criteria : When the two sets of initial test 
points yield the same result for the 
optimum performance index,the search is stopped. 
According to Prof. Ham, this technique 
could be applied not only on turning operation but also 
on milling,drilling and multitool operations.This search 
technique allows the flexibility in speed,feed and horse 
power constraints. 
The Production Optimization Method 
(POM)locates the optimum point with better accuracy.POM 
requirs tool life,cost and time study data in addition to 
the necessary PIM information. The   limitation of this 
search technique is that it is applicable only to the turning 
operation.However,POM offers more useful information and 
greater flexibility in the selection of optimum cutting 
conditions. 
This method constantly analyzes the 
optimum machining conditions by making use of continuous 
feedback of tool life information from the production 
tests.This testing occurs during the normal production. 
By making use of multiple linear regression,the computer 
program selects a range of optimum machining conditions. 
(This depends upon some production objectives such as minimum 
cost") 
(10) 
Keeping depth of cut as a constant parameter,these suggested 
optimum machining conditions are tested one by one till 
the change in each of the tool life parameters is smaller 
than some acceptable value. 
" POM appears to provide a successful 
technique to "taylor-make"the tool life equation 
to a particular turning setup and operation.The 
concept of optimization has been tested and sub- 
stantiated by production results.The difficulty 
in application lies in the problem of attaining 
accurate input data which describes the production 
environment." (5) 
(11) 
Gradient Search Technique . 
This self-adaptive optimization procedure 
updates the cutting conditions at periodic intervals to 
improve the index of performance.The important process 
variables such as flank and nose wear,are measured off-line 
at definite intervals for  particular machining conditions 
Several replications are made with the same cutting 
conditions to minimize the error in the process variable 
measurement which may occur, due to the random variability- 
present in the machining operation.Depending upon this 
measured process variable, the index of performance is 
calculated and the next set of cutting conditions is 
derived. 
To move the present machining conditions 
towards the optimum point,the implementation of a search 
strategy is required.The strategy should be capable of 
evaluating the current index of performance at some 
speed and feed and determining where to move on the response 
surface,so as to approach the minimum (or maximum) .The 
gradient search technique is applied in the following 
manner * 
1) A starting point is determined using a machinability 
handbook (or handbooks and averaging their recommended 
speed and feed). 
(12) 
2) Three test points are placed near this original 
test point with a proper distance such that a 
rectangular test pattern is observed. 
3)The values of the important process variables such 
as time for certain specific amount of flank wear are 
determined.The index of performance such as cost per 
workpiece or cost per cubic inch of metal removed ,is 
calculated ateach test point. 
k) The speed effect and the feed effect are found 
as shown On the work sheet,(tPage 1^ ).The speed and 
feed gradients are determined. 
5) A move of prescribed length in the direction 
dictated by the gradient components is :made» 
6) The point obtained by step 5 will be the new original 
point.The procedure is tested for the stopping 
criteria.The search is continued by setting up a new 
test pattern as described in step 1 if the stopping 
criteria^ is not met. 
The following areas were investigated 
(from reference 6)» 
l)Test point pattern:  Three test point patterns were 
investigated for evaluating the gradient at a certain 
set of conditions. 
(13) 
MACHINING CONDITIONS UPDATE 
1) Dependent Variable! 
2) Operationg Conditions 
Speed 
Feed 
(0)   (1) (2) (3)  W 
3) Observation of 
Dependent 
Variable       YQ= ■V Y?= _V-J^=-_ 
Peed X 
X 0 
Speed 
4) Calculation of Effects 
Me an = 1/5(Y0 + Y1 + Y3 + Y^) =  
Speed Effect = 1/2(Y2 + Y~ + Y± +  Y^) 
Feed Effect * 1/2(Y^ + Yg + Y±  -  Y~) 
Interaction 
Effect      = 1/2(Yj + Y2 ^ Y3 -Yj^) : 
5) Recommendations i 
-% 
(14) 
a) face-centered (five point) 
b) four point 
c) "L" pattern (three point) 
Page 16 illustrates the three test point patterns. 
The four point pattern was found to provide the best balance 
between cost and accuracy. 
2) Replications at each point. Because of experimental 
variability it is desirable to repeat the test at a 
particular set of cutting conditions. Inthis way, the 
measured index of performance will be based on several test 
results rather than a single outcome. From one to eight 
repetitions were investigated in the simulation model. Four 
repetitions per set of cutting conditions were found to be 
a maximum desirable. More than four did not substantially 
improve the accuracy. In the computer simulation, the 
suggested number of replications was two to four. This 
depends on the amount of variability in the simulation 
model. 
3) Starting point. In applying the self-adaptive search 
procedure, it was decided that a reasonable starting point 
would be given by the recommended cutting conditions 
found in the machinability handbooks. However, the starting 
point was observed to have little effect on the final 
results of the search. 
b)  Step size. In the computer simulation, it was decided 
to use steps of such a length that a move is 
(15) 
TEST POINT PATTERNS 
Four Point 
Test point pattern distance 
x -JL 
V 
Five Point 
x  Test point pattern distance 
Three Point 
Test Point Pattern Distance 
x -»— x 
(16) 
taken to the perimeter of a circle drawn through the 
test point pattern.Nothing is gained by moving a 
smaller distance than this,and it seemed difficult 
to justify a step outside the region in which the 
machining tests had been conducted. The cutting speed 
step size was set at a change of 30 sfpm or 9.l44smpm 
and the feed step size was established as a change of 
.001 " per revolution or .025^- mm per revolution.When 
it could be determined during the search that 
the optimum was being approached, the step size was 
reduced.Specifically ", the following rule was adopted * 
if the sign of the gradient component changed on 
two successive steps,then the test point separation 
was decreased by one-half. 
5) Stopping criteria i One of the problems encountered 
in searching for the optimum point on a response sur- 
face is determining when the optimum has been achieved. 
The search should be terminated if both gradient 
components changed in sign on four successive steps. 
The optimum conditions would then be specified as 
those which resulted in the minimum cost of the two 
sets of cutting conditions evaluated at the most 
recent origin and the endpoint of the final step. 
(17) 
Conclusion of the chapter : 
From this chapter , it can be concluded 
that,a self-adaptive search technique can be effectively 
utilized as the important means of increasing productivity 
and controlling the cost.There are various search techni- 
ques available,each having its  advantages and disad- 
vantages. 
The gradient search technique was 
proven to be very effective.This procedure was tested in 
the machine shop successfully. 
In the next chapters .a newly designed 
search technique named ,"the Center of Gravity Search 
Technique "will be discussed. 
The job shop validation of the 
gradient search technique and the .center of gravity 
search technique,and also a comparison of these two search 
techniques?will be presented in later chapters. 
(18) 
CHAPTER  2 
THE CENTER OF GRAVITY SEARCH 
TECHNIQUE 
CHAPTER 2 
The Center of Gravity Search Technique 
In the first chapter the gradient search technique 
was explained. To obtain a new direction towards the 
optimum, the gradient search technique requires three or 
four test points and replications at these test points 
in a particular fashion. This is a time-consuming procedure. 
Also, the gradient search technique does not make use of 
previous test point data. This search technique assumes 
a fairly uniform response surface. So, it may happen that 
the new original point may give out some random 
oscillations even before reaching the optimum and may 
take a longer route to reach the optimum point. 
An attempt has been made to eliminate several of 
these disadvantages with the center of gravity approach. 
A minimum of three points are required to start 
the search for the optimum. The index of performance is 
calculated from the measured process variables at each 
point. These are assumed as the weights attached at their 
respective test points. Thus, the center of gravity with 
respect to the two coordinates X and Y ( X coordinate is a 
scaled speed and the Y coordinate is a scaled feed )is 
found.Obviously the center of gravity will shift to the 
point which has the highest attached weight. Then 
(19 ) 
the Geometric Center (G.C.) of the three points is calcul- 
lated.The line joining the center of gravity and the 
geometric center gives the direction for the new test 
point.It is selected towards the center of gravity or away 
from the center of gravity depending upon if we want to 
maximize the index of performance or minimize it.Proper 
step size in the above mentioned direction is taken from 
the minimum (or maximum) index of performance point.As 
this search technique does not require any specific test 
point configuration, , previous test points could be inclu- 
ded to find the new direction. 
In this chapter, it is intended to show 
how the center of gravity search technique reaches the opti- 
mum by considering few hypothetical mathematical functions. 
Before going into the details of  com- 
plex mathematical functions ,first let us see how the C.G. 
method could be applied to a simple one dimensional 
function,in the search of the optimum point. 
The function under consideration is: 
Maximize the value of Y for the function, 
3 
Y = 20: X - .1 X 
The algorithm followed is    •"l"\  VV' 
(20) 
1) Pick up 2 points on X axis,relatively close together. 
Determine Y for each point. 
2) Find C.G. and G.C.(Geometric Center),Take a step in the 
direction which will increase the value of Y.The step 
size should be based on the relative difference 
between C.G. and G.C.(to find the new point X^ ) 
Step Size = K 
C.G. — G.C< 
X2 " Xl 
where, K = multiplication constant. 
3) Determine the value of Y for X, 
*0 a) Assume a function ; 
Y=A + BX + CX2 
Substitute the values of X^ ,X2 tX~ and their respec- 
tive Y values and determine the constants A,B,C . 
dY 
dx- = B + 2CX 
equating this to 0 and solving for X,for 
optimum:  X = -B/2C 
b) Find C.G. and G.C. based on X« and X^ 
xt = 
- B 
SO" + X3 + K' 
C.G. -?  G»C• 
X3 ~ X2 
(21) 
subject to 
C • G • —G • C • 
X3 " X2 
<* 
5) Repeat step 3 and step 4 to get X>. 
6) Repeat step 3 and step 4 to get X^ 
* Determining of A,B,C would now be based on the 
regression of all X,Y data. 
7) Stopping Criteria t The search is stopped when the value 
Y
new at Xnew starts decreasing. 
The above mentioned algorithm is referred 
to as a ° Heuristic Approach to Optimization coupled with 
the Center of Gravity Search Technique." This algorithm 
was extremely successful in obtaining the optimum point 
not only in a one-dimensional mathematical function but 
also in the two-dimensional function. 
Solution to the above problem . 
Maximize the function Y = 20 X - .1XJ 
Step 1 i    The selected two points -are, 
X1= 3       and Xg =5 
Yj at Xj = 57.3     and Y£ at X2 = 87.5 
Step 2 :    Geometric Center ( G.C.)of two points is 
(22) 
x1 + x2      3 + 5 
G.C =  x =  =  
2 
= 4 
C.G. of two points is 
Y1.X1 + Y2.X2 
Yl + Y2 
=   -
3
 
X
 
57<3
 * 
5
 
X
 
87
'
5 
57.3 + 87.5 
4.2086 
For the next point,step size is 1 
C.G.-*G.C. 
K 
x2 - xx 
let K =20 
4.2086 - 4.0 
= 20 
5-2 
= 2.086 
Step 3 1      Xy= Xn + Step Size 
where 
X
n 
=
 Value of x a* wh5-ch Y is maximum. 
Hence, X~ = X2 + step size 
s 5 + 2.086 
= 7«086 
Y3 at X3  = 106.1402 
(23) 
Step 4t a) Assume an equation 
Y = A + BX + CX2 
substitute, 
Xt * 3 Yl = = 57.3 
X2 = 5 Y2 = = 87.5 
X3 = ?.086 V = 106.1402 
>r A,BtC; 
A = - 18.9^ 
B =  31.6035 
C = - 2.0629 
— 
For the optimum, X = - B / 2C. 
Xopt.= 7-66 
b)\ G.C. of X2 and X, is 
=s , 
x2 + x3 
2 
= 
5 + 7.086 
2 
= 6.043 
C.G. of X2 & X, 
rr 
Y2*X2 +Y3,X3 
Y2 + Y3 
5 x 87.5 + 7.086 x 106. ,1402 
87.5 + 106. ,1402 
(24) 
= 6.1^3^ 
For the new point, 
H- 1 2 
-B 
+ Y 
2C   A3 + 10 
C.G. •• G.C. 
x3 ~ X2 
= 7.6136 
Y^ at X^ = 108.1383 
We have, 
Xl = 3 Yl = 57.3 
x2 = 5 Y2 = 87.5 
X3 = 7.086 Y3 = 106.1^02 
H = 7-< S136 Y4 = IOB.1383 
Again, assuming Y = A + B X + C X£ and solving for A,B and 
C, ,we get 1 
A = - 10.1 
B =  27.177 
c = - 1.523 
X B opt" 2 C 
= 8.922 
The new point X,- is calculated in the similar fashion as Xj, 
x5 = 9.2508 
Y5 at X5  = 105.85 
As Y^\> Y5 
.*.  STOP 
(25) 
One drawback of this algorithm is it assumes - as many 
search techniques do - that the function is unimodal,i•e .v 
the response surface has only one optimum point. 
The true optimum of the function is 
Y = 20 - .1 X3 
-- = 20 - .3 X2 = 0 
dX 
0.3 X2 = 20 
Xopt = 8'l6$ 
According to this algorithm,  the optimum was in the range 
of Xi, and X.-» • n *r        JJ i» e« t 
H ^ XoPt <x5 
or 
7.6136 <XQpt ^9.2508 
(26) 
The C. G. search technique as applied to a two 
dimensional mathematical function 
Here, the function under consideration was 
Y = 2 Xj + 3 X2> - .1 Xj - . 2 Xg 
The objective was to maximize the value of Y. 
A similar algorithm as for the one dimentional case 
was followed. Several changes were made because of the 
two dimensional nature of the problem. 
Step 1i Pick any three points relatively close, in 
the shape of a triangle. 
- Let P1(2,2), P2(3,2), Po(2.5t3) be the points. 
Yx at point Pj = 8.8      Y2 at point P£ = 10.3 
Yo at point P3 = 11.575 
Y^, Y2, Y~ are obtained by substituting P*t  Pp, P„ in 
the original function. 
Step 2t Calculate C.G. and G.C. of the test point 
configuration. Find the final direction and the new 
test point. 
Let X- and X2 be two coordinates. 
X.= the Geometric Center of the i coordinate, 
i -  1 or 2 
X\= the Center of Gravity of the i  coordinate, 
i = 1 or 2 
(27) 
The G.C. of the three points P* ,  Pp, and P~ is 
Xl - 
Xl,l + Xlf2 + Xl,3 
3 
where 
xi= 
Xl 1  Xl 2 Xl 3 are Xl co or<*inates of 
points Pj, ,P2,Po 
2 + 3 + 2.5 
3 
« 2.5 
x2= 
where, 
X2,l + X2,2 + X2,3 
X2 1,X2 2,and X2 3 are *he X2 coor(*inates 
of the points PltP2,Po • 
2 + 2 + 3 
= 2.33 
Hence the Geometric Center of the three points, P.. fP2 and 
P~ is given by. 
= (2.5 , 2.33 ) 
(28) 
The center of gravity of three points P^PptPo is 
Xl = 
Y1*X1,1 + Y2,X1,2 + Y3*Xi,3 
Yl + Y2 + Y3 
8.8 x 2.+ 10.3 x3.+ 11.575 x 2.5 
8.8 + 10.3 + 11.575 
= 2.52^ 
x2 = 
Y1,X2,1 + Y2,X2,2 + Y3'X2,3 
Yl  + Y2 + Y3 
8.8 x 2.+ 10.3 x 2.+ 11.575 x 3. 
8.8 + 10.3 + 11.575 
= 2.3771 
Hence the Center of Gravity of the points P^jP^P- is 
= ( xlfx2) 
= (2.52^ ,2.3771) 
The angle suggested by the line joining the C.G. and 
the G.C. is, 
-1 X2~ X2 6 = tan * — — 
X1~X1 
substituting, X^, X2, 5Lt Xgin the -above 
equation 
0 = 62.52 ° 
The new point P^, is selected in the 
direction of 0 from a point which has the maximum value of 
Y.In this case,point P~ has the maximum value of Y.Stepsiaa 
of one unit is chosen.        (29) 
Xl 4 = Xl 3 * 1#cos e 
= 2.5 + cos 62.525 
= 2.96 
X2,4 = X2,3 + 1,sin 9 
= 3 + sin 62.525 
= 3.887 
The point PK has the coordinates (2.96,3.887). 
Substituting these coordinates in the original function, 
Y^ at P^ = 13.683 
Step 3»  Arrange PitP2 Pn """n ^he increasing order of 
Y values.Select last three points for calculating 
the direction and tlhe new point. 
Point Xi 
2 
x2 
2 
Y 
1 8.8 
2 3 2 10.3 
3 2.5 3 11-575 
k 2.96 3. 887 13.683 
According to    step 3, points 2,3,and 4 were selected to 
to calculate point 5 
G.C. of points P2, P~, Pju is calculated 
as previously shown. 
X^ = 2.82 
x2 = 2.96 
(30) 
\. 
The  c.G. of the points P2,P ,P^ is calculated as 
shovm before, 
X1 = 2.8218 
x2 = 3.051651 
The angle suggested "by the C.G. & G.C. is, 
G = 76.62° 
The new point is selected from point- 4 with 
step size of one unit. 
X* <= ^1 4 + l'cos 0 
= 2.96 + cos 76.62° 
= 3-1014 
X2,5 = X2,4 + Usin G 
= 3.887 + sin 76.62 
= 4.86 
Hence,the new point is (P-) 
P. = ( 3.1914,4.86 ) 
Y,  at P- = 15.22 
Step 4 1 
Arrange the points ?1 ,P2, Pn in the increasing 
order of their respective Y values. 
(3D 
Point 
2 
x2 
2 
Y 
1 8.8 
2 3 2 10.3 
3 2.5 3 11.575 
k 2.96 3.887 13.683 
5 3.191^ Jf.86 15.22 
According to    step 3» points P„, Pj,, P,- were selected to 
calculate point 6. 
G.C. of point P,, Pj^, P- is 
I 
1 
X1= 2.8838 
c 
x2= 3.916 
C.G. of the same three points is 
xt = 2.9155 
x2 = 3.9992 
The angle suggested by the C.G. & G.C. is 
9 = 69.1^5° 
The new point P^ is selected from point 5 
which has maximum Y value, with the step size of one unit. 
Xl 6 = Xl 5 + 1,cos 69-1^5 
= 3.5W 
(32) 
x2 6 = x2 5 + 1# sin 69#1^ 
= 5-7945 
Hence,the new point P^ has the coordinates, 
P6 = ( 3.5^,5.79^5 ) 
Y6 at P6 = 16.504 
Step 5 1 
Arrange the points P^ ,.... .,P in the increasing 
order of their respective Y values. 
Point xl X2 Y 
2. 2- 8.8 
3. 2. 10.3 
2.5 3- 11.575 
2.96 3.887 13.683 
3.1914 4.86 15.22 
3.5474 5.7945 16.504 
1 
2 
3 
4 
5 
6 
Thus,according to step 3 points P^, Py P6 were selected 
to calculate point 7 
The G.C. of points P^t P-, P^ 
it = 3.2329 
X2 = 4.847 
The C.G. of points P^.P^P, 
(33) 
Xj = 3.251 
x2 = ^.906^. 
New direction towards the optimum, suggested by 
C.G. and G.C. is: 
e = 73.030 
X1  7=X1  6 + i.cos 73.03 
= 3.823 
X2f7 = X2,6 + Usin  73.03 
= 6.75095 
Point P„ is = (3.823,6.75095) 
Y? at P? = 17.322 
Step 6      Assume an equation, 
Y3 = A1 +A2.X1 + 
A3«X2 + A^.Xj + A^.Xg + A^X^Xa 
Here,we have seven points and their seven 
respective Y values,Substituting these values we can 
obtain seven equations.There are six unknowns A«.....Ag in 
the above equation.Hence,they can be solved simultaneously. 
But,this being, a complex procedure,these 
seven points were regressed against the above equation by a 
multiple linear regression computer package and the best 
fitted equation was obtained. 
The equation obtained is given on the 
next page. 
(3*0 
Y = 2.02 Xa+3 X2+.0025 X1X2 -.1X^-.2X2 - .018 
The multiple correlation coefficient was = 1.0000. 
Note the closeness of the above equation with the original 
mathematical function. 
Step 7 i a)Find the optimum of the regression equation 
by taking partial derivatives with respect to 
X,. and Xp.Equate the derivatives to zero. 
dY 
  = 2.02 + .0025 X, -.2 L = 0 
dX1 *     x 
dY 
  = 3 + .0025 Xi - .^ X9 =0 
dX2 1 
b)Solving these two equations simultaneously, 
Xl opt.* =10.1938 
X2 opt.* - 7-5 
Step 8    According to step 3 find three points wi£h 
maximum Y i   find C.G. and G.C. of these points 
and find point 8. 
Three selected points were, Pj-,P^,Pr,. 
The G.C.of these points was 
X1 = 3.5206 X2 = 5.8018 
(35) 
The C.G. of points 5t6,and 7 is 
Xj = 3-5342 
X2 = 5.841967 
The angle suggested by the C.G. &  G.C. is 
9 = 71.2179° 
The new point is selected from point Pp  which 
has the maximum value of Y. The step size is = 1 unit.Let 
the new point "be called Pg 
X18 = Xl 7 + 1,cos e 
= 4.14491 
X2 8 = X2 7 + 1,sin 6 
= 7.6967 
The new point suggested by the  C.G.  search 
technique is 
P8'(4.1449,7.6967 ) 
Step 9 « 
      The actual test point Pg is selected as; 
Xl,8 =T" Xl,8 + Xl opt. 
:,8 ~ .2  A2,8 8 + X2 opt. 
where 1^1,8 ,X2,8 are the coordinates of the point P 8 
obtained by the C.G.Search Technique by making use of only 
(36) 
P^jP^.Pr, points. 
are the coordinates of the current C X     * X     * 1 opt.*A2 opt. 
best optimum obtained from regressing all previous test 
points. 
Substituting, 
xl,8 = h  10'19375 + ^.1^95) 
= 7-16935 
X2,8 = l( 7'5 + 7.6967 ) 
= 7-59835 
Thus,the new test point Pg has the coordinates 
P8(7.16935,7.59835) 
Yg at Pg = 20.^88 
Note the significant increase in the Y value over the 
previous values. 
Step 10 1  Repeat step 7,but include the new test point Pft 
in the regression analysis and regress Pt....Po. 
The new regression equation is 
Y = .00049 + 2 Xj + 3 X2 + .00027 Xt.X2 - .IX* - .2 x\   . 
The multiple regression coefficient =s 1.0000. 
Differentiating partially with respect to Xt and X„ 
equating the obtained . form  to zero.and solving, we 
get the new optimum point as 
(37) 
xl opt* -10.01013* 
x2 opt* ■ 7-50675 
Step 11 t Repeat step 8.Find the new test point by the 
C.G. search technique by using only three points which 
have the maximum Y values.Take the step size of one unit. 
The G.C. obtained was, 
51 = 4.84658 
%2  = 6.7146 
The C.G. obtained was, 
X1 = 4.99769 
x2 = 6.77935 
The new point PI had the coordinates, 
X1 •> = 8.0885 
X2,9 = 7.9922 
Step 12 1 Repeat step 9.Find the actual new test point by 
averaging P£)r)4;"5i' and PI . Actual test point PJ 
Xl,9 = 9-0^9317 
X2,9 = 7.749475 
Y9 at P9 = 21.147 
(38) 
Step 13 i Stopping Criteria! 
When the increase irt the Y value becomes 
negligible or when the Y value starts decreasing,the search 
for the optimum should be stopped.The point which has the 
maximum Y value becomes the optimum point. 
The actual optimum of the mathematical 
function is 
xa = 10 
X2 = 7-5 
Step 7 to step 10 should be repeated 
several times to get the exact or the true optimumjafter 
repeating step 7 to step 10 only twice ,we got, 
xl opt. ■= 9-01-9 
x2 opt. " 7-?*9 
(39) 
The optimum seeking method described in the 
last few pages,the "Heuristic Approach to Optimization 
Coupled with the C.G. Search Technique "T produced the 
best results. 
The Gradient Search Method was used to locate 
the optimum of the same mathematical function.It behaved 
in the following manner; 
Y = 2 Xj + 3 X2 - .lXj - .2 X^ 
Maximize Y. 
The steps followed were as given below. 
Step 1 « Choose four points with one unit apart,forming a 
square pattern. 
Set 1 t  P1(2f2)tP2(3.3),P3(3.2)tP/f(2f3) were 
chosen. 
YjL at P1 =8.8       Y2 at Pg = 12.3 
Y^ at P3 = 10.3      Yjj. at P^ = 10.8 
X., effect is given by, 
= |( Y2+Y3-Yij.-Y1 ) 
= 1.5 
X« effect is given by, 
= i< VWY3 } 
= 2.0 
Assume the step size of one unit, 
1   XP effect 
New X.,   = Old X.   + l.cos tan"1 ^—~—- 11 X*   effect 
<*K)) 
. X2 effect 
New X2 = Old X2 + l.sin tan" v effect 
5 
4 
X2 3 
2 
1 
*a 
P4x  ^2 
P1
X
 *P3 
12  3^56 
X1:-> 
According to these formulaefX. and X2 for Set 2 are 
New X1 = 2.6 
New X2 = 2.8 
Set 2 i- 
The new points are, 
P1(2.6f2.8)fP2(3.6>3.8),P3(3.6t2.8),PZf(2.6f3.8) 
Yj  at P1  = 11.356 Y2 at P£ » 14.M6 
Y3 at P3 = 12.736 Y^ at P^ = 13.036 
X1  effect = |(Y2 +Y3 -Y^ -Yj) 
= 1.38 
X2 effect =~(Y^ +  Y£ - Y±  - Y3) 
= 1.68 
The new X^ and X2 are found using previously 
mentioned formulae. 
New X, = 3.23^7 New X? = 3*57272 1 (41)       2 
Where as the true optimum is at 
xt = 10 
X2  =7-5 
It should be noted that,after 9 test points the C.G. 
Search Technique gave the new point as 
Xt = 9.0*1-9 
x2 = 7.71+9 
and 
the Gradient Search Technique gave the new point after 
8 test points,as 
Xj = 3.23^7 
X2 = 3-5727 
step size in both cases being the same. 
Thus it can be concluded that, in this example,the C.G. 
method neared the optimum faster than the Gradient 
Search method. 
In the next chapter,the C.G.Technique will 
be applied to a hypothetical machining process model and 
will be evaluated. 
(42) 
CHAPTER   3 
THE CG. TECHNIQUE APPLIED TO A HYPOTHETICAL MACHINING 
CASE. 
CHAPTER 3 
The C.G. Technique applied to a Hypothetical Machining Case 
Before discussing the application of the Center of 
Gravity Search technique to an assumed process model, more 
explanation of the index of performance is needed. 
The traditional machining economics involves many 
elemental costs» They can be divided into productive and 
nonproductive costs. 
1) Productive Costi The only productive cost involved in a 
machining process is actual machining cost per piece. 
2) Nonproductive CostsiThese costs are such as 1) the tool 
cost per piece; 2) the tool changing cost per piece; 3) "the 
work changing cost per piece; etc. 
The total cost is the sum of all productive costs and 
nonproductive costs. The final form of the cost 
equation is as follows» 
Cost / piece = MR (MT + WCT) + N(MR x TCT + TC) 
<*3> 
Where 
MR = Machine operator's rate (dollars($)/min.) 
MT = Machining time  (in min.) 
For turning operation, 
3-1^2 D L 
MT =        - in Metric system 
10 f.V 
D= diameter of work piece in cm. 
L = length of work piece in cm. 
f = feed in mm./rev. 
3.142 D L 
MT = 12 f v       - in British system 
D = in inches 
L = in inches 
f = in inches/rev. 
V = in SFPM 
WCT = work changing time.(in min./work piece) 
N = Cutting edges per work piece. 
WPC 
~ WF 
WPC = wear rate per work piece 
WF = wear level at tool failure 
TCT -  Tool changing time (in min./cutting edge) 
<^) 
TC = Tool cost per cutting edge 
( in $/cutting edge) 
P 
E      P= Cost of insert + tool holder 
depreciation, (in $) 
E = Total cutting edges on the 
tool incert. 
In the testing of the C.G.Technique in the 
machine shop,the length of the work piece was infinite,i.e»> 
the machining tests were carried out until the tool wore 
upto the tool failure criteria WF.Thus,it was more 
appropriate to derive the machining cost equation based 
on the dollars per cubic inch of metal removed or the 
dollars per cubic centimeter of metal removed.As a result, 
the previous mentioned equation for machining cost was 
altered slightly. 
Typical assumed values of the cost 
elements were, 
P = 2.00 $ / insert 
E = 8 cutting edges 
MR = .15 $/min. 
TCT =1.0 min. 
WCT = 0 min. 
(^5 ) 
The cost equations were developed using these 
values in the' original cost equation.The final form with 
some manipulation was as follows i 
In the Metric system, 
COST $/c.m^ Y^V   ( «0787^ + .21 / TL ) 
where, 
V= speed in SMPM 
f = feed in mm/rev. 
TL = tool life in min. 
In the British system, 
COST $/inJ  = j^f  ( .166667 + .W44 / TL ) 
where. 
V = speed in SPPM 
f = feed in M/rev. 
TL = tool life in min. 
The above cost equation forms were very 
simple and could easily be applied on the shop floor 
with a simple calculator.lt should be noted that the 
constants in the above equations will change with the 
change in the values of P,E,MR,TCT and WCT. 
(^6) 
THE HYPOTHETICAL MACHINING MODEL 
The well-known Taylor's tool life 
equation is 
Y.Tn = C 
where 
V = Speed in SMPM or SFPM 
T = Tool life in min. 
n and C are constants. 
The feed and the    depth of cut are assumed to be kept 
constant.But,in practice,feed or depth of cut can vary as 
well as speed.Thus,the above mentioned equation restricts 
its use.The modified Taylor's tool life equation,which 
includes feed as a variable is given as ■:. 
V.Tnfa = C * 
where 
V = Speed in SMPM or SFPM 
f = feed in mm or " /rev. . 
' a = constant 
The following assumptions were made while developing the 
hypothetical process model 3 
1) The depth of cut was kept constant. 
2) The tool followed the following tool life 
equation i 
V.T'^.f'5 = K 
This means that speed had a more pronounced effect on the 
tool life than feed rate. 
3) The wear level at tool failure (WF) = .762 mm of 
(tool failure criteria) flank wear. 
= .030 " 
4) At       V = 121.92 SMPM ( 400 SFPM ) 
f = .254 mm (.01/ M)/rev. 
a) The flank wear after 30 minutes of 
machining = .762 mm 
(.030 ") 
b)  . the tool life was = 30 min. 
Substituting the above data in the modified tool life equa- 
tion, the constant K was, 
K = 14-3-8      in Metric units 
=93*61      in British units. 
The final tool life obtained was 
V. T*25. f5 = 143.8 
V= speed in SMPM 
f = feed in ram / rev. 
T = tool life in min. 
= 93.61 
V = speed in SFPM 
f = feed in ° /rev 
J. Taylor (7) derived a tool wear model 
which is as follows, 
" The tool wear at any time t is the 
function of an initial break-in wear (which is assumed to 
be constant in this hypothetical model)  plus the product 
of wear rate and time. 
TW * WQ + WR . t 
where, 
TW = tool wear in mm(in^ 
W = initial or break-in 
wear (in mm or " ) 
WR = wear rate(mm(in^min^ 
t = time (min.) 
The initial break-in wear is 
assumed to be .127 mm or .005 " of flank wear which is a 
fairly reasonable value. 
Wear rate: WR = fn (V,f) 
K,b and c are constants. 
= K Vb fc 
.  TW = A + K.Vb.fc.t 
A = .127 mm 
or 
= .005 " 
f*9) 
Going back to Taylor's tool life equation, 
V. T'25. f5 = 143-8 -in M.K.S. 
=93-61  - in British and 
substituting in this equation,the following values of 
speed V and feed f* the values of tool life (with .762 mm. 
(.030 in.) flank wear as the tool failure criterian) were 
calculated. 
Tool Life (TL) 
n smpm(sfpm) in mm(M)A*ev. in min. 
121.92(400) .254(.010) 30 
121.92(400) • 38K.015) 13.33 
152.4 (500) .254(.010) 12.29 
Substituting these values of V,f and T in the J. 
Taylor's tool wear model, 
TW = .127 + K.Vb.fc.t (in M.K.S. units) 
= .005 + K.Vb.fc.t ( in British units) 
We get, ( in M.K.S.units) 
.762 = .127 + K( 121.92)b.(.254)c.(30) 
.762 = .127 + K( 121.92)*.(.381)°. (I3.33) 
.762 = .127 + K( 152.4)b.(.254)°.(12.29) 
(50 ) 
(in British units) 
.030 = .005 + K (400)b(.010)c(30) 
.030 = .005 + K (^oo)b(.oi5)c(i3.33) 
.030 = .005 + K (500)b(.010)c(12.29) 
There are three equations and three unknowns 
which can be solved simultaneously.The values of constants 
obtained are . .. 
(in M.K.S. units) 
b = 4.0 
c = 2.0 
K = 1.4 x 10"9 
( in British units) 
b = 4.0 
c = 2.0 
K = 3»25?14 x 10~10 
Thus, our assumed model is defined by the two 
equations, 
Tool life equation, 
V.T,25.f5 = 143.8 (in M.K.S.units) 
( V.T,25.f5= 93.6l'in British units) 
Tool wear model 
TW = .127 + 1.4xl0"9 A f& (in M.K.S.) 
TW = .005 + 3.2571^ x 10~10 v\ fit (in British units) 
(51 ) 
One of the important tests done on the model 
was to check the effect of the tool failure criteria on 
the direction suggested by the C.G.Search Method 
towards the optimum point.The effect of change in the 
cost parameters such as machine operator's rate,work 
changing time,tool changing time,etc., on the final 
direction was also tested.The results were very unexpected 
The tool failure criteria,it was observed,had a prominent 
effect on the final direction.The change in the cost 
elements such as MR,WCT,TC,also had,as expected,great 
impact on the final direction. 
The costs and the final directions for 
the following different criteria were calculated and 
the results were tabulated. 
No.  Cost criteria Work pc.  WF    MR  TCT WCT  TC 
1   $/cm3(in3)   1 cm3(in3).381mm .15  1   0 
(.015in) 25 
2  $/cm3(in3)       "     .762mm "   1   0   .25 
(.030in) 
•381mm "20 
(.015in) 
.762 mm ■   2   0 
(.030in) 
•1 
(52 ) 
Cost 
No. Criteria   Work pc.  WF   MR  TCT  WCT   TC 
5 $/cm3(in3)   1 cm3(in)3 .38lmm .25  1    0 
(.015") 
25 
n ii    • ?62mm „ 
(.030") 
7 $/pc(l pc)  L=20.32cra 
D=10.l6cm 
(L=8H D=4M) 
15 .25 
8 $/pc(5 pcs)   " " ••   II 
Four points were tested for each criteria: 
Point Speed V feed f 
SMPM(SFPM)    MM(")/REV, 
121.92 
(400.0) 
.254 
(.010) 
121.92 
(400.0) 
.3302 
(.013) 
3 
4 
131.06 
(430.0) 
131.06 
(430.0) 
.254 
(.010) 
.3302 (.013) 
(53) 
The tool life at each point with different WF were 
calculated using tool wear model.The cost equations for 
each criteria were derived.   The results were as shown 
below i 
Criteria Point Tool life Cost Cost 
in rain. $/cm^ $/in3 
1 1 11.993 .00311 .05093 
2 7.090 .00269 .04409 
3 8.98O .00307 .05027 
1
 4 5.31^ .00273 .04478 
2 1 30.0 .00277 .04537 
2 17.7M .00225 .03687 
3 22.451 .00265 .04336 
4 13.284 .00218 .03580 
3 1 11.993 .00332 .05441 
2 7.090 .002966 .04861 
3 8.98O .00333 .05459 
4 5.31^ .00307 .05039 
4 1 30.00 .00285 .04676 
2 17.7*H .00236 .03868 
3 22.^51 .00275 .04509 
4 13.284 
(5*) 
.00232 .03804 
Criteria Point Tool.life 
mm. 
.Gost $/cu.cm .Cost. $/cu.in. 
5 1 11.993 .00494 .08103 
2 7.090 .00418 .06847 
3 8.98O .00482 .07899 
4 5-314 .00417 .06839 
6 1 30.0 .00452 .07407 
2 17.741 .00363 .05944 
3 22.^51 .00429 .07035 
4 l 13-284 .00349 .05717 
Criteria Point Machining    Flank wear Cost/piece 
time MT min. (from graph) 
for machining mm (in'> * 
 2„Ei®£S§i  
7 n = 1 
1 2.0944     .168(,0066) .94016 
2 1.6111     .184(.0073) ..88500 
3 1.9483     .180(.0071) .93157 
8 n = 5 
1 10.472      .344(.0135) .83643 
2 8.056      .413(.0163) .77833 
3 9.742      .476(.0188) .84225 
(55) 
Special Notes on previous two tables 
Compare criteria 1 and criteria 2.When the 
tool failure criteria WF was changed from .381 mm (.015") 
to .762 mm(.030") of flank wear,the minimum cost point 
changed from point Z  to point 4. 
Criteria 3 and ^ could be compared in the 
similar fashion. 
Note the effect of change in machine operator^ 
rate (criteria 6).When the wage rate(in $/min.)was 
increased from .15 $/min. to .25 $/min., point k  became 
the minimum cost point with both,WF = .762mm (.030H)and 
WF = .381 mm (.015"). Point k-  has the minimum machining 
time. 
Criteria 7« Here a hypothetical job was 
assumed which had the dimensions of L =20.32 cm(8 ") 
and D= 10.16 cm (^ ").It was also assumed in this 
criteria that only one piece was machined at each point. 
The tool wear behavior was plotted on the graph paper.(P. 57) 
The machining time for each of the four machining condi- 
tions was calculated and the flank wear for this time (MT) 
was found    from the plotted graphs.Knowing the flank 
wear,assuming the WF = .38lmm (.015")»cost at each 
point was calculated using the standard cost equation. 
Criteria 8 was similar to criteria 7,but 
here it.was assumed that five pieces were machined 
( 56) 
.035 
030 
.025 
.020    - 
015 
010 
.oo5 
o.q 
(57) 
continuously  and the flank wear measurments were taken 
after machining the fifth piece.Here,the machining time 
for machining five pieces was calculated and the flank 
wear for this time was obtained from the previous 
plotted graphs. 
( 58) 
An Application of the Center of Gravity Search 
Technique to find the Direction Towards the Optimum 
The next step, after finding the cost at each of 
the eight selected criteria, was to apply the C*G. 
technique to find the direction towards the optimum. 
The C.G. technique can be conveniently applied to 
the maximization problem. But, here the index of 
performance (the cost per cubic cm or in., or cost per 
piece) must be minimized. Thus, it was decided that 
the reciprocal of the index of performance should be 
maximized. 
As the units and the magnitude of speed are 
considerably different from those of feed, both of 
these axes were scaled to get the direction that 
would be easily understood. 
As discussed earlier, a minimum of three points 
are required by the C.G. Search technique to find 
the direction. Hence only P.. , P2 and P~ were 
taken into consideration. 
The speed and feed were scaled using following 
scales. 
9-1^ SMPM (30 SFPM) = 1 unit X 
.025^ mm (.001 in)/rev = 1 unit Y 
(59) 
The third axis Z = 1/cost^ $/cu.in) - British System 
= 1/16.387 x cost ($/cu.in.) - Metric 
The geometric center ( G.C.) was calculated as 
A.*   'Art TJlo 
*1 +*2 +y3 
The center of gravity (C.G.) was calculated as 
UjL     •   X.J +Zp«Xp        +Zo«Xq 
zl + z2 + Z3 
Z1*Y1 +Z2,Y2+Z3*Y3 
zl + z2 + Z3 
The final direction was given by 
-1 Y " Y 0  = tan x  
X - X 
The results obtained were tabulated as shown on the 
next page. 
(60 ) 
Criteria Final direction (in degrees) 
1 99-59 
2 97.84- 
3 99.84 
> 96.73 
5 100.84 
6 97.^-8 
7 100.24 
8 104.26 
Thus,it is seen that final angle given 
by the C.G.Search technique varied from 96.70 to 104.3° 
depending upon the criteria,a range of only 7.6°.   This 
variation is not a significant problem.The main problem 
is in deciding the next test point.. 
According to the Center of Gravity 
algorithm,as discussed in the previous chapter,the new 
test point is selected from the previous test point, 
whose cost is minimum or the Z value is maximum (Z=l/cost). 
Referring to the few previous pages,it 
can be seen that minimum cost point varied according to the 
criteria. 
It is felt that the   criteria? such as 
(61) 
machinst's rate, work changing time, tool changing time, 
cost of tooling, etc., vary from industry to industry and 
from one job to another. The Center of Gravity Search 
Technique has considerable flexibility to absorb these 
variations. The tool failure criteria based on the 
flank wear (WF) may also vary from industry to industry 
and from job to job, depending upon the type of cut 
and the degree of precision required. For the high 
precision and the high grade surface finish, WF should 
be kept at the lower level. But, if the cut is a 
roughing cut or a semiroughing cut, the tool can be 
utilized more effectively and economically by using 
a higher WF level. 
Thus, it is left to the machinst or the process 
designer to judge what level of tool wear should be used 
to define the tool life to- use the tool economically 
and at the same time achieve the desired quality of 
surface finish and accuracy. 
(62 ) 
CHAPTER 4 
THE COMPARISON OF THE C.G.METHOD VS. THE GRADIENT 
SEARCH METHOD 
CHAPTER  4- 
THE COMPARISON OF THE C.G. METHOD VS. THE GRADIENT SEARCH 
METHOD 
In the last chapter the application of the center of 
gravity search technique on a hypothetical machining 
(turning) operation was demonstrated.Various cost and tool 
failure criteria were assumed and its effect on the final 
suggested direction towards the optimum was observed.lt was 
noted that, based on various criteria,the direction 
changed through 7'6  degrees. 
In this chapter, it is intended to show the effect 
of placing or selection of the test points on the final 
direction which is much more significant than any of the 
previous criteria. The relative merits of the Gradient 
Search Method and the C.G.Method will also be discussed. 
The following four test points are considered i 
Point Speed Feed 
SMPM(SFPM) MM(IN.)/REV 
1 121.9(400) .25M.010) 
2 121.9(4-00) •330(.oi3) 
3 131.1(4-30) .25M.010) 
4 131.1(4-30) •33O(.0l3) 
(63) 
We know from the previous chapters that the Gradient 
Search Technique requires a minimum of three points 
in the form of a right angle to give the new gradient 
direction. The C. G. Search Technique requires a minimum 
of three points in any configuration ( except a straight 
line ) to give the direction towards the optimum. It 
should be noted that in the above selected points any 
three points taken in any order form a right triangle. 
Thus, the final direction can be calculated by the Center 
of Gravity Search Technique as well as the Gradient 
Search Technique. 
These two techniques and the final direction given 
by these two techniques are very difficult to compare. 
The problem ©ainly arises because these two techniques 
work on entirely different principles and the respective 
procedures to find the optimum are very different. In 
this chapter,however, the attempts have been made to 
provide some basis for the comparison. 
This chapter is divided into two parts. 
Part A t In this part the effect of placement or 
selection of points on the final direction 
suggested by both methods will be seen. 
Part B i In this part the theoretical optimum and 
the theoretical gradient will be calculated. 
(6*.) 
Taking these two as basis both methods will be 
compared. 
PART A 
The effect of the selection of points on the final 
direction was observed using two tool failure criteria. 
1) WF = .381 mm (.015 in.) 
2) WF = .762 mm (.030 in.) 
In each case the tool life will obviously be 
different as will be the tool life equation. 
CASE 1  :     WF = .381 mm (.015 in.) 
The tool life for each of the points with WF equal 
to .381 mm(.015 in) was calculated using J.Taylor's tool 
wear model (developed in the last chapter). 
TW = .127 + 1.4- x 10"9 V^ f2 t  - (Vff in Metric 
units) 
= .005 + 3-25 x 10"10 V^ f2 t - (V,f in 
British units) 
The following cost elements were used to 
formulate the cost equation t 
P = $ 2.00 
E = 8 cutting edges 
MR = $ .15/min. 
(65) 
TCT =1.0 min. 
WCT =0.0 min. 
Cost 
f.V 
( .07874- + .21/TL )  - (V,f in metric units 
and cost in $/cu»cm ) 
f.V 
( .16667 + .4444/TL ) -(V,f in British units 
and cost in $/cu.in ) 
The tool life and the cost at each point are 
calculated and the results are tabulated below t 
Point Tool life Cost($/cu.cm) Cost($/cu. 
mm. iwO 
1 11.99 .00311 .05093 
2 7.10 .00269 . 04409 
3 8.98 .OO307 .05027 
4 501 .00273 .04478 
The following combinations of points are taken into 
consideration. 
1) Points 1,2,3 
2) Points 1,3t^ 
3) Points 1,2,4 
4-) Points 2,3,4- 
5) Points 1,2,3,4- 
(66) 
The Center of Gravity and the Geometric Center 
for each configuration were calculated and the direction 
was determined. 
The speed effect and the feed effect for each 
configuration were calculated and the final gradient angle 
was calculated according to the Gradient Search Method. 
The results are shown on the next page. 
The scales used for the calculations of the angles 
by the C.G.Method were t 
For speed , 
9.144 SMPM (30 SFPM) = 1 unit X 
For feed , 
.254mm ( .001 in.)  = 1 unit Y 
For cost , 
l/cost ($/cu.in)   = 1 unit Z 
or 
1/16.39 x cost ($/cu.cm) = 1 unit Z 
(6?) 
Points Considered Method Used 41 Directed 
in degrees 
C.G.Search 99-6 
Gradient Search 84.5 
C.G.Search 79.2 
Gradient Search 83.1 
C.G.Search 82.2 
Gradient Search 95-7 
C.G.Search 101.3 
Gradient Search 97.1 
C.G.Search 92.3 
Gradient Search 90.1 
1) 1,2,3 
2) 1,3,4 
3) 1,2,4 
4) 2,3,4 
5) 1,2,3,4 
Table 1 
(68) 
CASE 2  t  WF = .762 nun ( . 030 in.) 
In case 2 , same configurations of points as in 
case 1 were tried. The tool life and the costs were as 
follows « 
Point Tool Life Cost Cost 
min. $/cu.cm. $/cu.in 
30.00 .00277 .0^537 
17.7^ .00225 .03687 
22.^5 .00265 . 0*1-336 
13.28 .00218 .03580 
1 
2 
3 
The directions suggested by the Center of Gravity- 
Method and the Gradient Search Method were calculated and 
the results were as follows t 
( The results are tabulated on the next page.) 
(69) 
Points Considered Method Used Directed 
in degrees 
1) 1,2,3, C.G.Search 97-8 
Gradient Search 76.7 
2) 1,3,4 C.G.Search 77-9 
Gradient Search 75-1 
3) 1,2,4- C.G.Search 78.5 
Gradient Search 82.8 
4) 2,3,4 C.G.Search 96.9 
Gradient Search 8I.9 
5) 1,2,3, 4 C.G.Search 86.5 
Gradient Search 77-9 
* 
6) 1,3,5 C.G.Search 87.I 
Table 2 
* A point P- was considered with V= 126.5 SMPM?H5SFPM) 
and f = .3302 mm(.013 in)/rev. 
(70 ) 
From table 1 and table 2 it can be seen that t 
1) In the Center of Gravity Search Techniques 
a) with WF = .381 mm (.015 in) 
the variation in the suggested angle is from 
79.1°to 101.3° , a variation-.-of 22.2 °j 
b) with WF = .762 mm (.030 in ) 
the variation in the suggested angle is from 
77.9° to 97.8° , a  variation of 19-9°? 
2) In the Gradient Search Technique 1 
a) with WF = .38I mm (.015 in) 
the variation in the suggested angle is from 
83.1° to 97-1° ,  a variation of l*f°i 
b) with WF = .762 mm (.030 in) 
the variation in the suggested angle is from 
75-1° to 82.8° , va variation of 7-7? 
Thus, it can be concluded that 
1) The Gradient Search Method is less sensitive to 
the placement of test points than the Center 
of Gravity Search Technique. 
2) For the C.G.Method and Gr.Search Method, the 
variation in the suggested direction decreases 
with the increasing level of the tool failure 
criteria ( WF ). 
(?1 ) 
PART   B 
In the first half of this part, for each tool 
failure criteria, the tool life equation was derived. 
The optimum speeds (\lc):E'or various feeds were calculated. 
The tool life and cost at each of these sets (f,V_ ) 
mc 
were calculated. Given the maximum feed constraint, 
these calculations could be helpful in the visualization 
of the response surface and its probable optimum point. 
CASE 1 :   WP = .381 mm (.015 in) 
So far, the tool life equation for this tool 
failure criterian has not been derived. The following tool 
life data is available »., 
Speed feed Tool Life 
SMPM (SFPM) mm (in)/rev min. 
121.9 (4-00.0) .25M.010) 12.0 
121.9 (^00.0) •330(.013) 7.1 
131.1 (^30.0) .25M.010) 9.0 
131-1 (4-30.0) •330(.013) 5-3 
Substituting the above data in the modified Taylor's 
tool life equation, 
t  i 
V Tn fa = K' 
(72) 
or 
In V + n'ln T + a'ln f = In K* 
and solving for n , a , K  t 
n = .25 
t 
a = • 5 
i 
K = 74. 44 
- in British system 
n = .25 
a' = .5 
- in Metric system 
K = 114.35 
Thus, the tool life equation becomes ; 
V T*25 f'$  = 114.35  - in metric system 
= 74.44  - in British system 
For the calculations of the optimum points,the 
following procedure was adopted t 
rJl K V T = C  =  
The optimum point V  was found by 
mc 
= C 
n MR 
1-n MR . TCT + TC 
n 
V  or V j. for feed  .254 mm/rev and -3302 mm/rev 
mc    opt -^   ' ' 
were calculated.The tool life for each set of(ftV  ) was 
calculated using the derived tool life equation. Using 
(73) 
this tool life data,, cost per cu. cm (in) of metal 
removed was calculated. The results are tabulated below, 
feed f VoDt Cost 
mm(in)/rev.      SMPM(SFPM)      $/cu.cra(in) 
.254 (.010)     135 (443-1)   .003063   .0502 
.330 (.013)      118.4(388.5)  .00268?   .0440 
It can thus be seen that within the constraints, 
speed should be reduced and feed should be increased to 
reach the optimum cost point. 
CASE 2 1 WF = .762 mm ( .030 in) 
The tool life equation for WF = .762 mm (.030 in) 
was one of the fundamental equations of the hypothetical 
process model, 
V T'-^f*5 = 143.8  - in Metric system 
=93«6l  _ in British system 
The optimum speeds for various feeds were calculated 
as in case 1 . The respective tool life and cost values 
were calculated in a similar fashion.The results are 
tabulated on the next page. 
(74) 
feed f 
mc 
mm(in)/rev  SMPM(SFPM) 
Tool life        Cost 
min      $/cu.cm(in) 
.254 (.010) 169.5(556) 8.0 .00244 .0400 
.279 (.011) 161.5(530) 8.0 .00232 .0380 
.305 (.012) 154.8(508) 8.0 .00222 .0364 
.330 (.013) 148.7(488) 8.0 .00214 .0350 
.356 (.01*0 1^3.3(^70) 8.0 .00206 .0337 
.381 (.015) 138.4(454) 8.0 .00199 .0326 
From this table it should be noted that the plot of 
feed f versus optimum speed V  can be called a constant 
tool life line. This table confirms the previously 
described theory that within the constraints, the feed 
should be increased and the speed should be reduced to 
optimize the cost ( per piece or per cubic inch/centimeter 
of metal removed ). 
( 75) 
The Comparison of the C.G.Method and the Gr.Search Method 
( for WF = .762 mm (.030 in)) 
One way of comparing the C.G.Method and the Gradient 
Search Method is to find out the true gradient at the 
geometric center of the test point configuration and 
to observe which one of the above methods is suggesting the 
direction closer to the true gradient. The actual gradient 
at the geometric center is calculated by differentiating 
the cost equation with respect to V and f and the gradient 
angle is calculated as shown t 
We have, 
Cost/cu.cm = 1/f.V (.07874 + .21/ TL ) 
From J.Taylor's tool wear model, 
TW = .127 + 1.4 x 10~9 V4. f2.t 
.762 = .127 + 1.4 x 10~9 v\ f2.t 
t = t=TL 
\     7 ir+ -P^ 
.634 where, 
1.4 x lO^V^.f' 
Substituting the value of t in the equation( cost) 
.21 x 1.4 x 10""9 V*4* f2 
Cost $/cu.cm.   = l/f.V(.07874 + 
.634 
-  1/f.V(.07874 + .4637 x 10"9 V^ f2) 
When the above equation is differentiated with respect 
to feed, fj the gradient component, G~ , in the direction 
(76) 
of feed is obtained. 
When the above equation is differentiated with respect 
to speed, V, the gradient component Gy, in the direction 
of speed is obtained. 
The gradient direction © is given by « 
Gf 
true 
G
v 
One of the important assumptions made while comparing 
the two search techniques was»,that the Grad. Search Method 
and the Center of Gravity Search Method suggest the 
direction towards the optimum with respect to the geometric 
center.of the test point configuration. 
The geometric center of each of the five test point 
configurations was calculated. The true gradient at each 
of the calculated geometric centers was obtained by 
calculating the values of Gf, G , and ©+rue • 
The results are shown below. 
Test point configuration      True gradient 
1 
2 
3 
5 
78. 9° 
79- 6° 
78. ,9° 
79. 8° 
79- 3° 
(77) 
This true gradient was compared with the angle 
suggested by the C.G.Search Method and the Gradient Search 
Method. 
Point       Method Used Direction  True     Error 
Configuration Suggested Gradient 
(in degree) (in deg. ) (in deg.) 
1) 1,2,3 Gr. Search 76.70 78.91 + 2.21 
H C.G. . 97.81 78.91 -18.90 
2) 1,3,4 Gr. Search 75.12 79.63 + 4.50 
if C.G. 77.92 79.63 + 1.71 
3) 1,2,4 Gr.Search 
* 
C.G. 
82.84 78.89 
- 3.95 
ii 78.50 78.89 + 0.39 
4) 2,3.4 Gr. Search 81.96 79.78 - 2.18 
•1 C.G. 96.92 79-78 -17-14 
5) 1,2,3,4 Gr. Search 77-95 79-26 + 1.31 
C.G. 86.49 79.26 
- 7.23 
Considering only the magnitude of the error ( col. 5), 
it can be seen that three out of five times the gradient 
search method was superior to the center of gravity method 
(78) 
in finding the true gradient. Also, the average error in 
the gradient search method was - .1*1-6 degrees and in the 
center of gravity search method was -8.248 degrees. 
An Alternate Method of Comparison 
Assuming that the maximum allowable feed rate was 
.508 mm (.020 in)/rev., the optimum speed, V  , was found 
using the previously described procedure. 
for f = 0.508 mm (.020 in)/rev 
Vmc=    12° SIV™   *   393-5 SFPM  ) 
Tool life with WF =  .762 mm(.030 in) 
at    above  f,V„„ =    8.0 min. mc 
Cost $/cu.cm =  .00154 
Cost $/cu.in =  .02524 
Thus within this constraint of f = .508 mm(.020 in) 
the optimum point with the minimum cost will be 
f = .508 mm (.020 in) 
V = 120 SMPM (393.5 SFPM ) 
This optimum point was located on the graph with X 
axis as speed and Y axis as feed using the same scale as 
used previously. 
9.14 SMPM(30 SFPM) = 1 unit X 
(79 ) 
and 
.254 mm (.001 in)/rev = 1 unit Y 
Then, the true direction with respect to the geometric 
center is found for each configuration. This is the 
direction which should have been suggested by the C.G. 
Method and the Gradient Search Method to reach the "true" 
optimum point. 
The gradient search method and the C.G.Method were 
compared on this basis. The results are shown below. 
Test Point Method used Direction True Error 
Configuration Suggested 
(in degrees) 
Direction 
(in deg.) 
(in 
1) 1,2,3 Gr.Search 76.70 100.7 + 24.0 
•1 C.G. 97.81 100.7 + 2.89 
2) 1,3,4 Gr.Search 75.12 106.7 + 31.58 
n C.G. 77.92 106.7 + 28.78 
3) 1,2,4- Gr.Search 82.84 102.0 + 19.16 
M C.G. 78.50 102.0 + 23.50 
40 2,3,4 Gr.Search 81.96 108.7 + 26.74- 
H C.G.    . 96.92 IO8.7 + 11.78 
5) 1,2,3,4- Gr.Search 77.95 104-. 51 + 26.56 
H C.G. 86.4.9 10^.51 + 18.02 
(80 ) 
Here again, considering only the magnitude of the 
error, it can be observed that four out of five times the 
center of gravity method was superior to the gradient 
search method in suggesting the direction towards the 
optimum. 
The average error in the gradient search method was 
25*6 degrees and the average error in the center of grasrily 
was 16.98 degrees. Both ways of comparison are summarized 
below. 
Set Comparison with respect Comparison with respect 
to true gradient to true direction 
towards optimum point 
Error in the Error in the 
C.G.   Gr.Search C.G.      Gr. Search 
1 -18.9     2.2 2.9        24.0 
2 1.7     ^-5 28.8       31.6 
3 .4    -3-9 
1 
23.5       19.2 
4 -17.1    -2.1 
1 
1 
11.7       26.7 
5 
! 
-  7-2          l.l* 18.0       26.6 
(81 ) 
Conclusion of the chapter 
The following conclusions can be drawn from this 
chapter ; 
1) Both the Gradient Search Technique and Center 
of Gravity Search Technique are sensitive to the 
placing of the test points. However, the C.G. 
Search Method is more sensitive than the Gradient 
Search Method. 
2) When compared with the true gradient at the 
Geometric Center, three out of five times the 
Gradient Search Method was superior to the C.G. 
Search Method. 
3) When compared with the true direction towards 
the optimum from the geometric center, four out of 
five times the C.G. Method performed better. 
( 82) 
CHAPTER  5 
THE MACHINE SHOP VALIDATION OF THE GRADIENT SEARCH 
METHOD AND THE CENTER OF GRAVITY 
SEARCH METHOD. 
CHAPTER  5 
The Machine Shop Validation of the Gradient Search 
Method and the Center of Gravity Search Method. 
In the previous chapters,the Gradient 
Search technique and the Center of Gravity Search 
technique were described in detail.In this chapter,it will 
be discussed how both of these techniques were applied 
and tested in the machine shop.The purpose of these tests 
was to find out how both of these search techniques 
behave when applied to an actual production situation. 
The machining tests were conducted in the Manufacturing 
Processes Laboratory. 
The first few pages of this chapter 
will describe the experimental procedure,tooling,work 
material,selection of variables and their measurments. 
Work Material 
One of the desirable properties of the 
work material was the uniform hardness throughout the 
cross-section. As the tool wear is proportional to the 
hardness of the material,   hardness variation within 
the material was highly undesirable.The softer the 
material,the lower will be the flank wear and the higher 
will be the tool life. 
(83 ) 
The consideration of the hardness variabi- 
lity in the hypothetical process model would further 
have increased the complexity in the calculations without 
any significant improvement in the accuracy of the end 
results.Hence,it was not considered in the assumed process 
model. 
It is the authors observation that,even under 
identical machining conditions,the tool wear rate 
varied from cut to cut,due to the hardness variability 
present in the work material.The scope of this research is 
limited to achieve the minimum cost per piece using a 
search technique and adjusting the input variables as 
speed and feed.The hardness variability is not assumed 
in the development of this search technique,and hence is 
highly undesirable in the machine shop testing of the 
search technique. 
Medium carbon alloy steel,SAE # 4-3*K) 
with the hardness of about Re 30 to 3^ was selected.This 
material has good hardenability resulting in fairly 
uniform hardness throughout the work material.The work 
diameter varied from 152.4- mm (6 ") to 101.6 mm (b ")   . 
(^ ) 
Equipment and Instrumentation 
1) LeBlond 16 inch, heavy duty, engine lathe 
The R.K.LeBlond Machine Tool Co. 
2) Varidyne Control Unit. 
The U. S. Electric Motor Co. 
3) Tool Maker's Microscope - Type 33 - 14 -  06 
Bausch and Lomb Optical Co. 
4) Jagabi Speed indicator - Cat # 9911 
James G. Biddle Co. 
5) Tachometer - TK r 24 
Stewart Warner Co. 
The Process Variable Measurment 
The process variable of interest is the flank wear. 
For the calculation of index of performance, the time in 
which the tool wore by the particular amount WF(tool 
failure criteria ) is required. An instrument to measure 
the /instantaneous wear is commercially not available. 
Thus, it becomes almost impossible to locate the exact 
time when the tool wears WF , say .381 mm ( .015 in) 
of flank surface. 
(85) 
Therefore,, it was decided to measure the flank 
wear after every 2 minutes of cut with the help of the 
Tool Maker's Microscope.In most of the cases the visual 
determination of an average flank wear was clear and the 
error was minimized by one person taking each measurment. 
Suppose the flank wear after 12 minutes of 
cutting was  .3302 mm ( .013 ") and after lb  minutes of 
cutting it "became  .4190 mm ( .016 " ) .The linearity 
"between these two close points was assumed and the 
exact time for the  .38I mm ( .015 •• )of the flank wear 
was found by interpolating these two observations. 
The Experimental Procedure t 
First of all , the work piece is chucked 
•1   11 
and centered.The first cut taken is a skin cut to clean 
up the surface and to remove the crests that may be 
formed while heat treating the bar.The skin cut also 
assures the roundness of the test piece.To eliminate the 
immediate shock on the tool ,   the tailstock end of the 
bar is shaved constantly.This will provide a suitable 
starting place for the tool. 
The first step in the start of the experi- 
ment is to set the appropriate surface speed using the 
tachometer and the varidyne.Proper feed and depth of cut 
(86, 
are set on the lathe.New cutting edge of the tool is 
set in the tool holder.The metal cutting is carried out 
for exactly two minutes.Then, the flank surface of the 
tool is observed under the Tool Makers' Microscope to 
measure the flank wear. This reading is taken several 
times, and the observations are averaged. The comments 
such as high nose wear,tool crack, hairline cracks or 
micro chipping,are noted.After this measurement,the tool 
is reinserted into the holder, making sure that the same 
edge is used for the next two minutes of cut. 
The cutting in this fashion is 
continued until the flank wear of the tool reaches 
the tool failure criteria (WF). 
The above-mentioned procedure 
is followed at all test points under various predetermined 
machining conditions.The index of performance at all test 
points is calculated and the next test point(s) is 
determined. 
The experimental procedure described 
is common for the Gradient Search Technique and Center 
of Gravity Search Technique.Many specific details 
regarding the applications of these techniques will be 
discussed separately. 
(87 ) 
The Gradient Search Technique 
The tool material selected in the experiment 
was 
WA- 6(Tungsten Carbide) 
made by - Walmet Corporation 
This is a general purpose tool with the industry designation 
- C 6 .The nominal composition of the tool is 
Tungsten Carbide - 82 ^ 
Titanium Carbide - 8 fo 
Cobalt - 10 % 
The hardness of the tool is = Ra 91*2 
The tool geometry is = -5,-5*5*5*15,15*3/^ 
The Design of Experiments 
The starting conditions for the testing 
of this technique were taken from Mr.Robert Johnson's 
thesis (8) since most of the work done by Mr. Johnson 
was concentrated on the Gradient Search Technique. 
He selected 
V = 91. W- SMPM (300 SFPM) 
f = .3861 mm (.0152 ")/rev. 
for machining SAE ^3^0 of Re 30 to 35 hardness at the 
depth of cut of 1.905 mm(.075M) 
This selected point is called as the 
original point. 
(88 ) 
The four point test pattern was selected since it 
was proven to work best and also was economical. The 
step size of 9'144 SMPM (30 SFPM) speed and .0762mm 
(.003 in.)/rev. feed was chosen. The test pattern selected 
was as followst 
P/>int 1        V = 91-44 SMPM (300 SFPM) 
f = .3861 mm (.0152 in)/rev. 
Point 2        V s 100.58 SMPM (330 SFPM) 
f = ,48M (.0189 in.)/rev. 
Point 3        V = 100.58 SFPM (330 SFPM) 
f = .386I mm (.0152 in.)/rev. 
Point 4       V = 91.44 SMPM (300 in.)/rev. 
f = .48 mm (.OI89 in)/rev. 
The depth of cut for all four points was I.905 mm 
(.075 in.). 
The testing at all four points was carried out as 
described previously till the tool failure criteria WF 
was met. 
The machining tests were repeated for the same test 
pattern in order to obtain better accuracy.  The index 
of performance is calculated based upon the tool life 
obtained from the machining tests. 
When two replications were taken at each set of 
( 89 ) 
machining conditions! the most important question was if 
to take the average tool life and calculate the cost 
per cubic (in.) centimeter of material removed or to 
calculate the cost per cubic (inch) centimeter of 
metal removed for each replication and average the cost 
(index of performance). The index of performance (cost/ 
cu. cm orin.) calculated by these two methods were very 
different.lt was decided to average the index of perfor- 
mance  and not the tool life,because our main parameter 
of interest was the index of performance and not the 
tool life. 
The following data was assumed for the 
calculations of the index of performance. 
MR = .15 $/min. 
TC = .25 $/cutting edge. 
WCT= 0 min. 
TCT- 1 min. 
WF = .381mm (.015 ")of flank wear 
The index of performance was calculated by . 
1 
Cost/cu.cm. ($)  =—( .0787^ + .21/TL ) 
Cost/cu.in. ($)   = __(.16667 +.WJM/TL  ) 
fY 
TL = tool  life 
(90) 
The results of the first set were as shown below i 
Point    Speed V  Feed f    Cost 1  Cost 2  Av.Cost 
SMPM     mm/rev  $/cu.cra  $/cu cm.  $/cu.cm 
(SFPM)   ("/rev)  ($/cu.in) ($/cu.in.)($/cu.in) 
91.44 .39 .002514 .002441 .002478 
(300.0) (.0152) (.0412 ) (.040) (.0406) 
100.58 .48 .001953 .001953 .001953 
(330.0) (.0189) (.032) (.032) (.032) 
100.58 .39 .002258 .002374 .002316 
(330.0) (.0152) (.037) (.0389) (.03795) 
91.44 .48 .002411 .002136 .002288 
(300.0) (.0189) (.0395) ' (.035) (.0375) 
Where, 
Cost 1 = Cost in the first replication 
Cost 2 = Cost in the second replication 
The Speed effect,feed.effect and the 
interaction effect were calculated as shown in the work 
sheet (next page). 
The new starting or original point for the 
next set was calculated as follows ; 
( 91) 
1) 
2) 
MACHINING CONDITIONS UPDATE 
Dependent Variable i  
Operationg Conditions 
Speed 
Feed 
(0)   (1)  (2)   (3)  W 
3)  Observation of 
Dependent 
Variable Y0=- Yl" -Y2~ Y3=-—V 
Feed X 
X 0 
Speed 
k)    Calculation of Effects 
Mean = 1/5(YQ + Y± + X^  + Y^) =  
Speed Effect = 1/2 (Y£ + Yo + Y± +  Y^) 
Feed Effect o 1/2(Y^ + Yg - Y±' - Y3) 
Interaction 
Effect - 1/2(Y1 + Y2 - Y3 -Y^) = 
5) Recommendationsi 
(92) 
1 feed effect 
New X= Old  X   +30 costan"1  
Speed effect 
X coordinate is speed coordinate. 
feed effect 
New Y = Old Y   + .003Sin tan"1 
Speed effect 
Y coordinate is feed coordinate. 
The ri.ew speed and feed obtained by using these 
formulae were, 
V = 97.152 SMPM (318.7** SFPM ) 
^97-536  SMPM (320.0 SFPM ) 
f = .*J455 mm/rev. (.0175*1- "/rev.) 
& ,*l47 mm/rev. (.0176 "/rev.) 
The obtained speed and feed figures were adjusted to 
the available speed and feed on the engine lathe.Taking 
this point as the new original point»the new     test 
points were established as 
Point 
1 
Speed 
SMPMTSFPMJ 
97-5M320) 
Feed 
MM7revT"7rev7 
.*<47(.0176) 
2 106.68(350) •516(.0203) 
3 106.68(350) • W(.0176) 
ij. 97-5M320) •516(.0203) 
(93) 
The tests and the replications at these points were 
carried out in the same fashion as described in the 
last few pages.The results and the observations are shown 
in Appendix A. 
Calculations for obtaining the new point 
were lengthy and time consuming.Hence computer program 
was written* 
The gradient search technique behaved in 
the manner as shown on the next page. 
<9*> 
Set   Point     Speed      Feed    Cost     Cost 
SMPM(SFPM)  MM(")/rev.  $/cu.mm $/cu.in. 
1 1 91.44(300) • 386( .0152) .002478 .0406 
2 100.58(330) .480( .0189] .001953 .0320 
3 100.58(330) • 386( .0152] .002316 • 0379 
4 91.44(300) .480( .OI89] > .002258 .0370 
2 1 97-54(320) .447( .0176] .002096 .03434 
2 106.68(350) • 516( .0203] I .002193 •03593 
3 106.68(350) .447( .0176] ► .002116 .03467 
^ 97-54(320) • 516( .0203; .001959 .0321 
3 1 88.39(290) .467( .0184] ) .002165 .03548 
2 97-5^(320) • 569( .0224] } .002100 .03441 
3 97.54(320) • 467( .0184 ) .002088 .03421 
4 88.39(290) • 569( .0224 )   .002051 .03361 
4 1 91.44(300) • 538( .0212 ) .002114 .03465 
2 100.58(330) .609( .0240 ) .002490 .04080 
3 100.58(330) • 538( .0212 ) .002587 .04240 
4 91.44(300) • 609( .0240 ) .002756 .04517 
5 1 88.39(290) .447( .0176 ) .002407 .03944 
2 97.54(320) • 516( .0203 ) .002303 •03773 
3 97.54(320) .447( .0176 ) .002407 .03945 
4 88.39(290) • 516( .0203 ) .002326 .03811 
(95) 
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(96) 
To check if the Gradient Search Method 
was proceeding in the right direction,all previous data 
was regressed by multiple linear regression using a 
computer package.The equation regressed was, 
Cost = B + A1.V + A2.f +AyV.f + A^.V2 + A^.f2 
where, 
V= speed 
f = feed 
B,A, ........A,-= constants obtained by regression analysis. 
The above equation was partially differentiated 
with respect to V and f and were equated to zero.These 
equations were solved simultaneously and V  .  and F  . 
were found.The results were 
Vo t. = 96*92 SMPM (318 SFPM) 
f t< = .^85 mm/rev.(.0191 in/rev.) 
From these results it can be concluded that 
the Gradient Search Technique was proceeding in the right 
direction.This technique took five sets5i.e.,20 test points 
and also 20 replications to approach  the optimum•.From 
the graph attached on the last page,it can be noted that 
the second set led to the third set which had the original 
(97) 
point at        V = 88-392 SMPM (290 SFPM ) 
and f = .468 mm/rev.( .0184 "/rev,) 
The third set led to the fourth set which 
had original point at 
V = 91-44 SMPM (300 SFPM) 
f = .538 mm/rev.(.0212 "/rev.) 
(Note the steep increase in the feed 
compared to speed*) 
The fourth set led to the fifth set which 
had the original point at 
V = 88.392 SMPM (290 SFPM ) 
f = .447 mm/rev. (.0176 in/rev) 
The original point of the third set was 
very close to the original point of fifth set.In short, 
the new original point started oscillating -as expected - 
when it neared the optimum point.In practice,it can be 
argued that the whole of set four was unnecessary and 
increased the cost of testing. Had set three consulted 
set two and set one before deciding the new original 
point for set four,this problem would not have arisen. 
This was the only drawback of the Gradient Search Method. 
As we already know,four new test points and the replication 
at these test points were required to obtain a new 
direction towards the optimum,and the optimum was 
acertained only after several  oscillations.This made the 
the Gradient Search Method a little more expensive and 
(98) 
time consuming.(It was found out that during the test,the 
ratio of the productive time to the nonproductive time 
was 1i7 '  The nonproductive time includes the starting and 
stopping of the machine,removing and resetting of the tool 
flank wear measurments after each cut,ensuring the safety 
precautions before starting the machine. ) 
(99) 
THE C.G.SEARCH TECHNIQUE 
The tool selected in the job shop validation 
of the center of gravity search technique was 
TXH -(tungsten carbide) 
This is also a general purpose tool with the 
industrial designation - C 6. The nominal composition of 
the tool was 
Tungsten Carbide = 83# 
Titanium Carbide = 9 % 
Cobalt = 8 % 
The hardness of the tool      = Ra 91.4 
Transverse Rupture Strength   = 230,000 psi 
The tool geometry = -5f~5t5,5t15il5»3/64 
The Design of Experiments 
The selection of appropriate cutting 
conditions was the significant factor in this study.Deter- 
mining a usable range of speed and feed was of great 
importance.Usable range does not necessarily mean the 
proper range with respect to the work piece but also with 
respect to the cutting tool and the work machine.While 
testing with these machining conditions,the machine 
should not vibrate inducing chatter in the work piece and 
also should not cause    immediate tool failure.Thus, 
000) 
"usable cutting condition ranges" ensure usefulness of the * 
experiment. 
The appropriate range from the point of view 
of machine and tool was decided to be 60 to I83 SMPM 
(200 to 600 SFPM)for speed,and .12 to .76  ram/rev 
(.005 to .030 in./rev.)for feed.The depth of cut remained 
constant since depth of cut is generally specified by part 
geometry and is often not a variable.The depth of cut was 
established at 1.905 mm (.075in.) 
The starting conditions were selected by 
referring to three handbook  and averaging them. 
1) Machining Data Handbook 1 by Machinability Data Center 
recommended the machining conditions for S.A.E. 4340 
with the hardness of Re 30 to34 and the depth of cut 
of 1.905 mm ( .075 in.) as . 
V = 109.12 SMPM (358 SFPM) 
f = .304.8 mm/rev. (.012 in/rev.) 
2) Metals Handbook - Machining t by ASM suggested 
V = 134.4 SMPM (441 SFPM) 
f = .3048 mm/rev. (.012 in/rev.) 
3) Carboloy handbook (Application data): suggested 
V = 45.72 SMPM (150 SFPM) 
f = .254 mm/rev (.01 in/rev.) 
(101) 
Although these three suggestions vary a great deal, 
they narrow down the range of selection. Averaging these 
three suggestions and adjusting them to the available 
speed and feed on the engine lathe,the starting point 
was decided to be 
Point  1 V = 121.92 SMPM (400 SFPM ) 
f = .3251 mm/rev (.0128 in/rev.) 
Two more points were selected such that an 
equilateral triangle was formed. 
Point  2 V = 131.06 SMPM ( 430 SFPM ) 
f = .3251 mm/rev (.0128 in/rev.) 
Point
 
3 V = 126.5 SMPM (415 SFPM ) 
f = .3962 mm/rev.(.0156 in/rev.) 
We have already discussed in the last chap- 
ter the difficulty in calculating the next point due to 
the selection of the tool failure criteria WF.It will be 
shown in this section how different points were obtained 
with the different tool failure criteria(WF). 
The tests at the  above mentioned points 
were carried out in the similar fashion as in the Gradient 
Search Technique.lt was felt that the tests should be 
carried out until the tool reached the flank wear of 
.635 mm («025 ").As a result,these observations could 
be used to calculate Point 4 with WF = .38I mm (.015") 
(102) 
of flank wear as well as WF = .635 mm (.025 °) of flank 
wear and the difference in the direction could be 
i 
demonstrated.The observations at these three and other 
points are shown in Appendix B.. 
Various criteria as described in 
Chapter   3  were considered and its effect on the direc- 
tion was observed.In short,all the tests that were carried 
out on the mathematical process model were carried on an 
actual job shop machining process.The close similarity- 
be tween the two could be observed.The criteria were 
as follows ■■•- 
No. Cost Criteria Work pc.  WF    MR  TCT  WCT   TC 
mra(")  $/min. min. min.  $/edge 
1    $/cm3(in3) 1  cm3(in3)   .38I     .15      1 0 .25 
(.015) 
•• 2 " " .635 
(.025) 
3 •• " .381       " 2 
(.015) 
4 " •• .635       " " 
(.025) 
5 " " .635    .25      1 
(.025) 
6 " " 1.016    .15 
(.0iK>) 
(103) 
No Cost criteria Work Pc.  WF   MR  TCT  WCT  TC 
mm(in) $/min min  min $/edge 
7        $/piece L=20.32cm     .635       .15      1 3 .25 
D=10.l6cm   (.025) 
(L=8,,fD=i*-H) 
O || II II II II 
(3 pcs) 
9 (5 pcs) •I      H 
Special notes on the above table ., 
The cost equations for all criteria were 
derived as in Chapter  3  (mathematical process model). 
Criterion  t Here,the tool failure criteria WF was 
taken equal to 1.016 mm ( .040") of flank 
wear.The machining tests were carried out only till the 
tool wore .63^mm(.025") of flank side.The tool wear 
behavior with respect to    time was plotted on the 
graph paper.The graph was extrapolated to find out the 
time required to wear the tool to 1.016 mm of flank 
surface.This may be a gross approximationjhowever,it 
can give us some idea about the change in the direction 
and hence the new point.(Actual machining tests till 
(104) 
the flank wear reaches 1.016 mm cannot    conducted, as 
such tests would be very costly and  time consuming. ) 
Criterion 7 t In this, and the next two criteria, a 
hypothetical job of 20.32 cm (8 in)in length and 
10.16 cm (*J-in) in diameter was assumed. As we have 
already determined the tool wear behavior with reapect ''-. 
to time, the machining time for this piece could be 
calculated and the flank wear for this time could 
be determined from the graph. 
It should be noted that, in this case any 
number of pieces were machined till the tool 
reached the tool failure criteria WF. 
Criterion 8  i Here it was assumed that only three 
pieces were machined at each point and the cost 
per piece was calculated based on this data. 
Criterion 9 : Here it was assumed that only five 
pieces were machined at each point. 
The tool life and the average cost per cubic cm(in) 
of metal removed or per piece were calculated far each of 
the three points using all nine criteria. The final 
suggested direction and the point b  according to each of 
the criteria were calculated using the step size of three 
units. The results are shown on the next page. 
(105) 
Criteria   Av.Cost in $/cu.mm(ilJi) 
Pt.l    Pt.2    Pt.3 
Suggested   Prescribed 
° point 4 
V in. 
Angle in 
'(§S£I) 
f in mm(") 
1 .00259 .00277 .00370    266.3 
(.0425) (.0^55) (.0607) 
2 .00225 .00221 .00230    280.0 
(.0370) (.0363) (.0378) 
3 .00282 .00312 .00450    265.5 
(.0462) (.0512) (.0738) 
4 .00235 .0023*1- .00258    270.8 
(.0387) (.0385) (.0*1-24) 
5 .00364 .00353 .00353   60.2 
(.0598) (.0579) (.0580) 
6
 .00213 .00203 .00194    79.8 
(.0350) (.0333) (.0319) 
The following costs are in $/piece 
7 .7289 .7232 .7352     277.1 
8 .7642 .755^ '75^-2 69.6 
9 .7^15 -7343 .7297     79.^ 
V=120(394) 
f=.249(.0098) 
V=135(445) 
f=.25(.00985) 
V=119(392) 
f=.249(.0098) 
V=131(431) 
f=.249(.0098) 
V=i44(474) 
f=.39(.0154) 
V=131(431) 
f=.472(.0186) 
V=l34(44l) 
f=.249(.0098) 
V=136(446) 
f=.468(.0184) 
V=13K431) 
f=.471(.0186) 
(106) 
Depending upon the criteria , the minimum cost point 
shifted from point 1 to point 3« Each criterion suggested 
a different point 4. This was mainly because of the 
two reasons i 
1) When the value of the index of performance at each 
point changed, the center of gravity changed, 
changing the suggested direction. 
2) In the Center of Gravity Search Technique algorithm , 
point 4 (next test point) is selected from the 
minimum cost point with the predetermined step 
size and in the direction given by the center of 
gravity (C.G.)  and the geometric center (G.C.) . 
Obviously, as the minimum cost point changed, the 
prescribed point 4 changed. 
These two problems and the solutions to these 
problems have already been discussed in Chapters  3 and 4 * 
The machining tests were continued under the assumption of 
criterion number 2 . 
Point 4,5 and 6 were calculated and tested one 
after another using the algorithm described in    Chapter 
3 . The observations of the testing operation are shown in 
Appendix C . The results are tabulated on the next page. 
(107) 
Point      Speed V    Feed f    Tool life    Cost 
SMPM(SFPM)  mm(in)/rev)    min.   $/cu.cm(in) 
121.9(400) .325K.0128) 19.86 .00229?. 0375) 
131.1(430) .325K.0128) 13.57 .0022K.0362) 
126.5(415) .3962(.0156) 5>7 .0023K.0378) 
137.2(450) .259K.0102) 19.42 .00 252 (.0413) 
121.9(400) .3962(.0156) 10.0 .00207(.0338) 
118.8(390) .4674(. 01 84) 5*53 .00210(.0344) 
112.8(370) .4674(.0184) 7.45 .00203(.0332) 
As described earlier in the Center of Gravity Search 
algorithm in Chapters 2 and 3» these seven test points 
were regressed by using a multiple linear regression 
computer package. The regressed equation was, 
Cost  = B + A1 V + A2 f + A3 V2 + A^ f2 + A. V f 
The constants B,A.. , Ap» A~, A^:and A,, were given by 
computer output. The obtained equation was 
differentiated partially with respect to speed, V, and 
feed, fy These differentiated forms were equated to zero 
(108) 
r 
and solved simultaneously for V  ..   and f  .. J optimum     optimum 
The results were 
V  t. = 116.2 SMPM (381.5 SFPM ) 
f0 t> = .4-518 mm (.01?8 in)/rev. 
The regression analysis was also carried out to find 
the tool life equation "based on the available data. The 
regressed equation was, 
In V = M + N1 In f + N2 In T 
> 
The constants of the equation were given by the 
computer output. The proper form of the equation was 
obtained after taking the antilog of the above equation. 
V f"Nl .T"N2 = eM 
Substituting the optimum machining conditions, 
V  . = 116.2 SMPM (381.5 SFPM) 
fopt = -^18 mm(.01 ?8 in)/rev. 
in the above equation the tool life obtained was 
Tool life TLa*, V  . and f  . =7-8 min. 
Costal V  . and f^^+ was, opt     opt   ' 
= $ .002025 /cu.cm. 
= $ .03318 / cu.in. 
(io9) 
From the calculations and the descriptions given 
above, it could be seen that we were very close to the 
optimum point. 
t 
Point 8 according to the CG.Method could be 
calculated and the actual test point, Pg» could be obtained 
by averaging the point Pg' and the present optimum. This 
point Pg should be tested and the point Pg should be 
calculated in a similar way. This procedure should be 
repeated until the stopping criteria is satisfied. 
(110) 
The Center of Gravity Search Technique as Applied to The 
Milling Operation 
In the last few pages of this chapter, it was seen 
how the Center of Gravity Search Technique worked on a 
turning operation. This technique can be applied to all 
kinds of machining operations such as milling, shaping, 
planing, drilling, etc. where two or more parameters have 
to Toe adjusted to achieve the optimum machining conditions. 
The next few pages will be devoted to discuss how 
the C.G. Technique was applied successfully to the 
milling operation. The principle behind the application 
was same as before but the parameters to be adjusted 
were slightly different. 
The milling operation is controlled by two important 
parameters. 
1) Cutter Speed t  Knowing the speed of rotation 
of the cutter and the cutter diameter, the 
speed in SMPM or SFPM can be determined. 
2) Feed : The feed in the milling operation is 
' described in terms of mm (in) per tooth. 
It is also described in terms of feed rater 
i.e.,the movement of the table or work piece 
(111) 
in mm (in) per minute.     The feed in mm 
(in) per tooth was the parameter of our 
interest. 
Thus, the cutter speed V in SMPM (SFPM) and the feed 
f in mm(in) per tooth were considered as the two 
parameters to be adjusted for the economic improvement of 
milling operation. \ 
Design of Experiment 
Work Material : The work material selected was medium 
carbon A. I.S.I. A-1^-0 grade with the brinell 
hardness of 300 BHN. This material had fairly uniform hard 
ness along the cross section. 
Tool Material t   The tool selected was K - 21 (Kennametal) 
Its nominal composition was. 
TiC = 5*9 1° 
TaC = 7.2 # 
Co  = 9»2 io 
WC  = balance 
Hardness  = R 91.0 
Transverse Rupture Strength = 275,000 psi . 
The high Cobalt content and the high T.R.S. were the 
main selection criteria of the tool for the milling 
operation. > 
(112) 
Cutter Specifications t A face milling fly cutter with 
only one throw away insert was used. 
The cutter diameter was ?6.2 mm (3 in)» 
Machining Conditions for the Starting Point 
Three sources were consulted to establish the 
machining conditions for the starting point to machine 
A.I.S.I. M40 with the depth of cut of i.905 mm (.075 in). 
These are described in    Chapter  1 . The suggested 
machining conditions were averaged and the final 
conditions for point one were chosen as 
V = 108.2 SMPM (355 SFPM) 
f = .1702 mm (.0067 in)/tooth 
The complexity of the selection of the starting point 
was increased by the unavailability of desired speeds and 
feeds on the milling machine. The milling machine had 
only a limited number of speeds and feeds, also it was 
not equipped with a varidyne. Thus, the above mentioned 
feed and speed had to be adjusted according to the 
available speed and feed 
The following points were selected. 
Point 1 »       V = 99-1 SMPM (325.2 SFPM) 
f = .1587 mm (.0067in )/tooth 
for this, RMP = M4 and Feed Rate = 69.85 mm (2.75 in) 
were adjusted. 
(113) 
Point  2  i  V = 123.3 SMPM ( 405 SFPM, ) 
f = ,1?88 mm (.007 in)/tooth 
for this, RPM = 515 and Feed Rate =92.1 mm(3.625 in )/min. 
were adjusted on the milling machine. 
1 
Point 3  .   V = 99-1 SMPM (325-2 SFPM) 
f = .2837 mm (.0111 in)/tooth 
for this, RMP = 414 and Feed Rate = 117.5 mm(4.625 in)/min. 
were adjusted on the milling machine. The observations 
of the actual machining tests are shown in    Appendix C. 
Cost Equations for the Milling Operation 
As discussed in    Chapter 3 » 
Cost/pc. = MR(MT + V/CT) + N(MR x TCT + TC) 
Substituting, 
MR = $ .15/min. 
TCT = 1 min 
TC = $ .25/cutting edge. 
WCT = 0 min. 
Cost/pc =  .15(MT) + N(.4) 
WPC 
N =       WPC = wear rate per work piece 
WF 
WF = wear level at tool failure. 
As discussed earlier in the previous chapters, our 
interest mainly lies in determining the cost per cubic 
centimeter or inch rather than cost per piece. Hence, 
(114) 
the above stated cost equation was modified. 
MT.WF 
WPC = 
TL     TL = tool life 
Substituting, 
MT.WF 
Cost/cu.cm or in. = .15 MT +  ^     ' 
TL.WF 
= MT ( .15 + -VTL ) 
where, 
MT = machining time/ cu.cm (in) 
TL = tool life according to the tool 
failure criteria WF . 
The machining time, MT, for the milling operation 
can be derived in the following manner. 
Cutter movement per min = R.K.f 
where, 
R = revolutions per min.(cutter) 
K = # of teeth in the cutter, 
f = feed rate / tooth 
R = V/KD    V = cutter surface speed. 
D = cutter diameter. 
Assuming a work piece of length L and width w, the 
machining time, MT, for D^ w     is given by, 
TTD L 
MT =  
K.V.f 
(115) 
In the Metric system L TV n 
Machining time, Mt, /cu.cm. = 
K.V.f.L.w.d 
d = depth of cut 
"D 
V.K.f.w.d 
Here, 
D= dia. of the cutter 76.2 mm 
V = Surface Speed of the cutter inSMPM 
f = Feed Rate in mm/tooth 
w = width of the work piece k6.0k  mm 
d = depth of cut 1.905 nun 
K = # of teeth = 1 
Substituting these values in the modified cost form, 
Cost/cu.cm = 2.73 ( .15 + -^ / TL ) 
V.f 
In British system , 
D = 3 in 
V = Surface speed in SFPM 
f = feed rate in in./ tooth 
w = 1.813 in. 
d = .075 in. 
1 
Cost/cu.in=— ( .8667 + 2.311 /TL ) 
V.f 
(116) 
The points P., Pg. and P~ were tested at their 
respective machining conditions and the tool life with 
WF = .381 mm (.015 in) was determined. Points P^ and 
P^ were calculated according to the C.G.Search algorithm. 
The results are tabulated below. 
WF = .381 mm (.015 in) 
Point     Speed      feed     Tool life    Cost 
SMPM(SFPM)  mm(in)/tooth   min.  $/cu.cm $/cu.i*. 
1 99.1 (325.2)  .1687(.0067)  28.36  .02681  .4392 
2 123.3 (404.5)  .1788(.0070)  24.83  .02057  .3371 
3 99.1 (325.2)  .2837(.0112)  16.86  .01686  .2763 
4 99.1 (325-2)  .353K.0139)  33.0   .01262  .2068 
79.9 (262.0)  .419K.0165) .50  .07748 1.2697 
Special Notes  1 
Compare the values of the index of performance 
( cost/cu.cm or in) at point P^ with the values at previous 
test points P1, P2 and P~»•It can be seen that significant 
amount of cost reduction was obtained. 
N 
A difficulty in deciding the speed for point P,. was 
experienced. According to the C.G. Search algorithm the 
(117) 
points P?, P„ and P^ were selected to determine the 
direction towards the optimum and the new test point P^ . 
These three points gave the new speed coordinate as 
V = 89.9 SMPM (295 SFPM) ( i.e., 375 rpm with 76.2 mm or 3 
inch diameter cutter), but the available speeds were 
V = 99-1 SMPM ( 325.2 SFPM) 
and V = 79-9 SMPM (262 SFPM ) 
( i.e., klk  and 333 rpm respectively with 76.2 mm or 3 inch 
diameter cutter). 
Thus,it could be seen that the suggested speed 
89.9 SMPM (295 SFPM) was almost in the middle of the 
available speeds 79.9 SMPM (262 SFPM) and 99-1 SMPM 
( 325.2 SFPM). 
It was decided to choose 79-9 SMPM (262.0 SFPM) as 
the next point Pj. because- otherwise points Pg, P^  and P,- 
would have been on the same speed coordinate $9.9 SMPM). 
As a result, the search problem would have lost its two 
diamensionality. 
The point P,. was tested on the milling operation. It 
was observed that the tool failed after about 30 seconds in 
all three replications. Hence, the tests were concluded and 
the point P^ was decided to be the optimum point. 
(118) 
<~ 
CHAPTER  6 
CONCLUSIONS 
CHAPTER  6 
CONCLUSIONS 
The following conclusions were drawn from this 
research work. 
1) The optimum machining conditions recommended by the 
machinability data handbooks provide general 
information for broad classes of work materials and 
tools, and are not necessarily optimum for specific 
application. Thus, a search strategy is required to 
reach this optimum. 
2) The Gradient Search Technique is one of the means of 
achieving this optimum point. The gradient search 
technique requires a minimum of three or four test 
points in a particular fashion to obtain a new 
gradient direction. It does not consider the previous 
test point data to achieve a new direction. It 
requires a fairly uniform spacing between the test 
points. These drawbacks of the gradient search method 
were partially eliminated by using a heuristic approach 
coupled with a center of gravity search technique. 
3) When a hypothetical machining process model was 
(119 ) 
developed and the center of gravity search technique 
was tested, it was observed that » 
a) The tool failure criteria WF had a significant 
effect on the index of performance and hence 
on the new prescribed search direction. 
b) The placing of initial test points also 
had an important effect on the new suggested 
search direction. 
k)  When comparing the Gradient Search Technique with the 
Center of Gravity Search Technique the following 
points were noted : 
a) As far as the plane formed by the test points 
was concerned the Gradient Search performed 
better than the Center of Gravity Searbh Method 
in suggesting the true gradient direction. 
b) As far as the direction towards the ultimate 
optimum point was concerned, the performance 
of the Center of Gravity Search was superior. 
5) Due to the compounding influences of the metal cutting 
process variabilities on the final results of the shop 
testing, it was decided that the more the number of 
replications at each test point, the higher would be the 
accuracy. The compromise between the testing costs and 
the desired accuracy was made. It was decided that two 
replications at each test point were adiquate. 
( 120 ) 
6) The Center of Gravity Search Technique was 
successfully applied on the turning and milling 
operations. 
a) In the turning operation, the value of the index of 
performance at the starting point P. wast 
At P1  V = 121.92 SMPM (*K)0 SFPM) 
f = .3251 mm (.0128 in.)/rev. 
Index of Performance« 
Cost in $/cubic cm.(in.) = .0023 (»0375) 
After five steps of search, the value became 
Cost in $/cubic cm.(in.) = .0020 (.0332) 
Thus, the machining cost was reduced by 11.^ fo 
in just five steps of search. 
b) In the milling operation, the value of the index of 
performance at the starting point was« 
At Pj  V = 99.1 SMPM (325*2 SFPM) 
f = .1687 mm (.0067 in.)/tooth 
Index of Performance! 
Cost in $/cubic cm. (in.) = .02681 (.^392) 
After two steps of search, the value became 
Cost in $/cubic cm. (in.) = .01262 (.2068) 
{ 
Thus, the machining cost was reduced by S3 % • 
(121) 
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CHAPTER 7 
Recommendations for Future Studies 
From the conclutions stated in chapter 6, it can be 
seen that a definite improvement in the machining 
conditions was obtained by using self adaptive search for 
optimizing machining conditions in the turning and milling 
operations. 
The efficiency of the Center of Gravity Search Tech- 
nique can be improved significantly if further research 
work is done on the following areast 
l)This search technique should be tested on various 
other machining processes such as drilling, 
planning, shaping, etc. The process control 
variables in these operations are considerably 
different compared to a turning operation. To make 
this search strategy adaptable to all kinds of 
machining operations, this study would be helpful. 
2) The work material used while testing this search 
technique in the Manufacturing Processes Laboratory 
was AISI kJh-O.   This material was chosen because of 
its uniform hardenability along the cross section. 
In actal industrial practice this may not be the 
case. Hence, the research should be directed 
(122) 
towards the development of mathematical process 
model which should incorporate the hardness 
variability. Then, the Center of Gravity Search 
should be tested on this model. The successful 
application will make this search strategy more 
adaptable and acceptable in the industry. 
3) In one or two dimensional optimization problems, 
the magnitude of the line joining the center of 
gravity and the geometric center of the test point 
pattern has some special significance.which has 
not been studied yet. It is felt by the author 
that this magnitude should be considered to 
determine the step size. This may make the 
C.G. Search technique faster and more accurate. 
(123) 
APPENDIX  A 
The Observations of the Machine Shop Validation of the 
Gradient Search Method 
( Turning Operation ) 
Appendix A 
Set a t Point 1 
V = 91.44 SMPM (300 SFPM) 
f = .386 mm ( .0152 in)/rev. 
d = 1.905 mm(.0?5 in) 
Time Flank Wear 
min. mm in. 
2.0 .0838 .0033 
4-.0 .1219 .004-8 
6.0 .1524- • P060 
7-5 .1905 .0075 
10.5 .24-64- .0097 
12.0 .2591 .0102 
14-.0 .284-5 .0112 
16.0 .2921 .0115 
18.0 •3175 .0125 
20.0 .34-29 .0135 
22.0 
.3835 .0151 
Point 1 Replication 
3.0 .1092 .004-3 
5.75 .14-73 .0058 
8.75 .1702 .0067 
11.75 . 2388 .0094. 
1^.75 ,2565 .0101 
(124-) 
Time 
min. 
18.75 
21.15 
24.15 
27-15 
Flank Wear 
mm m 
.2718 .0107 
.3226 .0127 
•3556 .014-0 
• 3912 .0154 
Average Index of Perfprmance 1 
i.e.,average cost = 
2.0 
4.0 
6.0 
7.75 
9.25 
11.15 
14.17 
15.17 
Point 
V = 100.58 SMPM(330 SFPM) 
f = .48 mm(.0189 in.)/rev. 
d = 1.905 mm (.075 in) 
.1219 .0048 
.1702 .0067 
.2438 .0096 
.2718 .0107 
.3048 .0120 
.3505 .0138 
.3708 .0146 
.4445 .0175 
(125) 
Poirvt; 2 replication 
Time / Flank Wear 
min. ( mm in 
1.0 .0889 .0035 
3.0 .1702 .0067 
5.0 .2210 .0087 
7.0 .2311 .0091 
8.75 .2667 .0105 
10.75 • 3124 .0123 
12.75 .3683 .0145 
14.00 •3937 .0155 
Point 3 
V = 100. 585MPM(330 SFPM) 
f = .386 mm (.0152 in)/rev. 
d = 1.905mm(.075 in) 
1.0 .1016 .004 
3.0 .1448 .0057 
5.0 .1473 .0058 
7.0 .1651 .0065 
10.0 .2540 .0100 
13.37 .2769 .0109 
15.42 .3048 .0120 
17.50 .3429 •0135 
19.50 .3683 .0145 
(126) 
Time 
min. 
Flank 
mm 
Wear 
in 
21.50 .3708 .0146 
24. 00 
if 
• 3962 .0156 
Point 3 Replication 
3.0 t. .1422 .0056 
6.0 .1956 .0077 
9.0 .25^0 .0100 
11.0 .2845 .0112 
14*5 .3480 .0137 
17.0 .4140 .0163 
Point 4 
V  =  91.44 SMPM   (300  SFPM) 
f =   .48 mm(.0189 in)/rev. 
1.0 
.1067 .0042 
2.25 .1422 .0056 
4.25 .2134 .0084 
6.50 . 2743 .0108 
8.50 .4191 
Point 4 Replication 
.0165 
1.0 .0914 .0036 
3.0 .1448 .0057 
4.0 .1575 .0062 
6.0 .2489 .0098 
(127) 
Time 
min. 
8. 0 
10. ,0- 
12. ,0 
14. ,0 
15. ,0 
16. ,0 
Flank Wear 
mm in 
.2743 .0108 
.3226 .0127 
.3505 i0138 
.3607 .0142 
.3785 .0149 
.4166 .0164 
SET 2 
Point 1 
V = 97.54 SMPM(320 SFPM) 
f = .4470 mm (.0176 in)/rev. 
2.0 
.1575 .0062 
4.0 .1778 .0070 
8.0 
.2591 .0102 
10.0 .3124 .0123 
13«0 .3353 .0132 
15.0 .3429 .0135 
18.0 .3810 
Pointlreplication 
.0150 
4.75 .1626 .0064 
8.00 .2718 .0107 
10.25 .2972 .0117 
13-00 .3378 .0133 
15.57 .3861 
(128) 
.0152 
Point  2  V=106.68SMPM(350»SFPM) 
  f= .5156 mm(.0203 in)/rev. 
Time Flank Wear 
min. mm       in. 
2.0 .2*4-89 .0098 
4.0 .3454 .0136 
6.0 .4394 .0173 
Point 2 Replication 
3.95 .3^04 ^0134 
b-95 .396^ .0156 
Point 3    V = 106.6£ 1 SMPM(. 
f = .4470 mm(.01 
2.0 .2007 .OO79 
4.67 .2692 .0106 
6.6? .3327 .0131 
;9.00 .3429 •0135 
11.50 .4064 
Point 3 Replication 
.0160 
2.00 .1702 .OO67 
4.00 .2413 .0095 
6.00 .2845 .0112 
7.00 
.2997 .0118 
8.45 
.3505 .0138 
9.45 .4242 .0167 
(129 ) 
Time 
min. 
3.0 
5-0 
7.0 
9-28 
11.28 
2.0 
3-67 
5-67 
7-67 
10.08 
11.08 
3-0 
6.0 
9-58 
12.58 
15.58 
18.00 
21.00 
Point 4        V = 97.5 SMPM(320 SFPM) 
f = .5156 mm (.0203 in)/rev 
Flank Wear 
mm in. 
.2337 .0092 
.2921 .0115 
• 3175 .0125 
• 3607 .0142 
.3861 .0152 
Point 4 Replication 
• 1956 .0077 
.2718 .0107 
.3023 .0119 
• 3658 .0144 
• 3759 .0148 
.4166 .0164 
Set 3 
Point 1    V = 88.39 SMPM (290SFPM) 
f = .4674 mm (.0184 in)/rev. 
(130) 
.1473 .0058 
.I854 .0073 
.2540 .0100 
.2972 .0117 
.3480 
.0137 
.3632 .0143 
• 3912 .0154 
/ 
Point 1 Replication 
Time Flank Wear 
min. mm in 
2.00 .1473 .0058 
4.00 .2413 .0095 
8.00 .2921 .0115 
11.00 .3022 .0119 
14.00 .3683 .0145 
17.00 • 3734 .0147 
19.00 
.3835 .0151 
Point 2   V = 97-54 SMPM (320 SPPM) 
f = .569 mm (.0224 in)/rev. 
3.00 .2362   .0093 
6.70 .3632   .0143 
7.70 .4115   .0162 
Point 2 Replication 
3.00 .3404   .0134 
5-00 .3937   .0155 
Point 3   V = 97.54 SMPM (320 SFPM) 
f = .4674 mm (.0184 in)/rev 
3.00 .1397   .0055 
6.00 .1956   .0077     J 
t 
8.22 .2450    .0098 
(131) 
Time 
min. 
Flank 
mm 
Wear 
in 
11.22 •3175 .0125 
14.22 •3556 .0140 
15.22 • 3886 
.0153 
Point 3 Replications 
4.00 .2819 .0111 
7.00 .3327 .0131 
9.00 • 3658 .0144 
11.22 • 3759 .0148 
12.50 .4216 .0166 
Point 4 V = 
f = 
88.39 SMPM(290 
.569 mm (.0224 
SFPM) 
in)/rev 
3.00 .2388 .0094 
5.00 
.279^ .0110 
8.00 • 3353 .0132 
11.00 .3912 .0154 
Point 4 Replicati on 
.0083 1.22 .2108 
3.22 •3353 .0132 
5.22 .3^80 .0137 
7.22 .3886 ; .0153 
(132) 
SiR? 
SET 4 
Point  1   V = 91.^4 SMPM(300 SFPM) 
f = .5182 mm(.0204 in)/rev. 
Flank Wear 
mm       in. 
3.00 .2337 .0092 
6.00 • 3251 .0128 
8.50 • 3556 .0140 
9.75 .3785 
Point 1 Replication 
.0149 
3.00 .2921 .0115 
3.25 •3556 .0140 
9.25 .3683 .0145 
10.50 • 3912 .0154 
Point 2   V = 100. 58 SMPI 
f = .6096 mm(.0240 in)/rev. 
2.00 .3683    .0145 
2.88 .4216    .0166 
Point 2 Replication 
1.58 .2972    .0117 
3.58 .4369    .0172 
Point 3 ( please turn over) 
(133) 
V 
2.0 
3-5 
Point 3 V = 100.58 SMPM(330SFPM) 
f = .5156 mm (.0203 in)/rev. 
Time Flank Wear 
min. mm        in 
.3251 .0128 
.3735 .01^9 
Point 3 Replical ;ion 
.2692 .0106 
.4191 .0165 
Point ; k  V = 91. 44 SMPM 
2.33 
4.50 
f = .6096 mm(.0240in)/rev. 
3.00 .^318     .0170 
Point 4 Replication 
3.00 .3835     .0151 
(134-) 
APPENDIX B 
The Observations of the Machine Shop Validation 
of the Center of Gravity Search Method 
( Turning Operation) 
^ 
APPENDIX B 
The Center of Gravity Search Technique 
Point 1  V = 121.92 SMPM(400 SFPM) 
V 
f = .3251 mm(.( 
Time Flank Wear 
min. mm in. 
2.0 • 2235 .0088 
4.0 .3073 .0121 
6.10 
> 
.3505 .0138 
8.0 .3683 .0145 
10.0 .4115 .0162 
12.0 .4623 .0182 
14.0 .5283 .0208 
16.0 • 5537 .0218 
18.0 .5715 .0225 
20.0 .5969 .0235 
22.0 .6223 
.0245 
24.0 .7087 
.0279 
Point 1 Replication 
2.0 .1981 .0078 
4.0 .2667 .0105 
6.0 .3302 .0130 
8.0 .3607 .0142 
10.0 .4064 .0160 
(135) 
Time Flank Wear 
min mm in 
12.0 .45^2 .0180 
14.0 .5410 .0213 
16.0 .5969 .0235 
18.0 .6502 .0256 
Point 2 V = 131-1SMPI 
f = .3251 mm 
2.0 .2616 .0103 
4.0 .3454 .0136 
6.0 .3708 .0146 
8.0 .4267 .0168 
10.0 .4623 .0182 
12.0 • 5613 .0221 
14.0 .6452 .0254 
Point 2 Repl: ication 
2.0 .2388 .0094 
4.0 .3480 
.0137 
6.0 .4343 .0171 
8.0 .4826 .0190 
10.0 .5283 .0208 
12.0 .6045 .0238 
14.0 .6452 .0254 
(136) 
\ 
\ 
Point 3    V =126.5 SMPM(4l5 SflPM) 
f = .3962 mm(.0156 
Time Flank Wear 
min. mm in 
2.0 •3353 .0132 
4.0 
.5053 .0199 
6.0 .6350 .0250 
Point 3 Replication 
2.0 
.4115 .0102 
4.0 .5639 .0222 
6.0 
.6655 .0262 
1 
Point 4    V = 137- 
• 25< 
.2 SMPM(< 
f = 11  mm(.0 
2.0 .1245 .0049 
4.0 .2286 .0090 
6.0 .2946 .0116 
8.0 .3048 .0120 
10.0 .3810 .0150 
12.0 .4293 .0169 
1,4.0 .4674 .0184 
16.0 .5461 .0215 
18.0 • 5918 .0233 
20.0 .6528 
.0257 
(137) 
Point 5 V = 121.9 SMPM(400 SFPM) 
f = 3962 ijim(.0156  in)/rev. 
Time 
min. 
2.0 
4.0 
6.0 
8.0 
10.0 
Point 6 V = 118.8? SMPM(390 SFPM) 
f = .4674 mm(.0l84 in)/rev. 
2.0 .3658      .0144 
4.0 .5182      .0204 
6.0 .6706      .0264 
Flank Wear 
mm in 
.2718 .0107 
.4166 .0164 
.4953 .0195 
• 5715 .0225 
.6350 .0250 
Point 7 V = 112. >?6  SMPM(370 SFPM) 
f f = .4674 mm(.0184in)/rev. 
2.0 .3124 .0123 
4.0 .4547 
v 
.0179 
6.0 .5486 x .0216 
8.0 .6680 .0263 
(138) 
APPENDIX C 
The Observations of the Machine Shop Validation of 
the Center of Gravity Search Method 
( Milling Operation) 
APPENDIX C 
The C.G.Technique Applied to the Milling Operation. 
Point 1 V = 99.1 SMPM(325 SPPM) 
f = .167 mm(.0066 in)/tooth 
Time 
min. 
Flank Wear 
mm in. 
.1270 .0050 
.1470 .0058 
.1524 .0060 
.1524 .0060 
.1651 .0065 
.2159 .0085 
.2159 .0085 
.2413 .0095 
.2667 .0105 
.2921 .0115 
.3429 
.0135 
• 3556 .0140 
.3810 .0150 
2.18 
4.36 
6.55 
8.73 
10.91 
13.09 
15.27 
17.^5 
19-64 
21.82 
24.00 
26.18 
28.36 
Point 2 V = 123.29 SMPM(404.5 SFPM) 
f = .179 mm(.007 IN)/tooth 
1.66 .1016     .0040 
3-31 .1524     .0060 
4.97 .1829     .0072 
(139) 
Time 
rain 
6.62 
8.28 
9-93 
11.59 
13.24 
14.90 
16.55 
18.21 
19-86 
21. 52 
23.17 
24.83 
1.30 
3.89 
6.49 
9.08 
11.676 
14.27 
16.87 
Flank Wear 
mm in. 
.1880 .0074 
.2032 .0080 
.2286 .0090 
.2540 .0100 
.2819 .0111^ 
.2921 .0115 
.2921 .0115 
.3226 .0127 
..3378 
.0133 
• 3378 •0133 
.3429 .0135 
.3810 .0150 
Point 3  V = 99.1 SMPM(325 SFPM) 
f = .2837 mm (.0112 in)/tooth 
.0254 .0010 
.2032 .0080 
.2540 .0100 
.3404 .0134 
.3429 
.0135 
.3759 .0148 
.3810 .0150 
( 140 ) 
Point k    V = 99.1 SMPM(325 SFPM) 
f = .3528 mm(.0139 in)/tooth 
Time 
(min.) 
1.04 
2.O87 
4.17 
6.26 
8.35 
10.44 
12.522 
14.61 
16.70 
18.78 
21.91 
26.09 
30.26 
33.44 
Point 5  V = 79.71 SMPM (261.5 SFPM) 
f = .4195 mm(.Ol65 in)/tooth 
The testing at this point was concluded because of 
the immediate tool failure.( in all three attempts) 
Flank Wear 
(mm) (in) 
.0559 . 0022 
.1270 .0050 
.1651 .0065 
.1778 .0070 
.2489 .0098 
. 2565 .0101 
.2591 .0102 
.2667 .0105 
.2794 .0110 
.2845 .0112 
.2845 .0112 
.2921 .0115 
.3^29 .0135 
.3810 .0150 
(141 ) 
.) 
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